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[Reprinted from the Journal of Physical Chemistry, 80, 789 (1976).]
Copyright 1976 by the American Chemical Society and reprinted by permission of the copyright owner.

Relative Rate Constants for Reaction of the Hydroxy! Radical
with a Series of Alkanes, Alkenes, and Aromatic Hydrocarbons

Alan C. Lioyd, Karen R. Darnall, Arthur M. Winer, and James N. Pitts, Jr.® -
Statewide Air Pollution Research Center, Univeérsity of California, Riverside, California 92502 (Received October 21, 1975)
Publication costs assisted by the National Science Foundation-RANN and California Air Resources Board

The relative rates of disappearance in air at 305 + 2 K of a set of 14 alkanes, alkenes, and aromatic hydro-
carbons were measured in an environmental chamber under simulated atmospheric conditions. The ob-
served rates of disappearance were used to derive relative rates of reaction with the hydroxyl radical (OH)
on the previously validated basis that OH is the species dominantly responsible for the hydroearbon disap-
pearance under the experimental conditions employed. Absolute rate constants, obtained from the relative

- values by using the mean of the published rate constants for OH + n-butane (1.8 X 10* M—1g~1), are (k X

10~9 M~! s~1): isopentane, 2.0 + 0.4; 2-methylpentane, 3.2 + 0.6; 3-methylpentane, 4.3 + 0.9; n-hexane, 3.8
+ 0.8; m-xylene, 12.9 £ 2.6; n-propylbenzene, 3.7 & 0.8; isopropylbenzene, 3.7 & 0.8; ethylbenzene, 4.8 +
1.0; o-ethyltoluene, 8.2 + 1.6; m-ethyltoluene, 11.7 & 2.3; p-ethyltoluene, 7.8 + 1.6; ethene, 5.2 + 1.0; pro-
pene, 17.5 £ 3.5; cis-2-butene; 39.2 + 8.0; 1,3-butadiene, 46.4 £ 9.3. In the case of seven of the compounds
investigated these results are shown to be in good agreement with literature values reported for elementary
rate constant determinations. For the remaining seven compounds no previous determinations have been

-made. :

shown average daytime levels of about 5 X 106 molecule
em~? in good agreement with predictions from computer

The hydroxy! radical is well known to be an important
species in the chemistry of combustion systems? the

‘stratosphere,®5 and the troposphere 9 Recent direct de-

terminations of its concentration in ambient air!®!! have

‘models of the formation of photochemical air. pollu-
tion.512-14 .

In order to develop satisfactory chemical mechanisms for
modeling combustion and photooxidation systems includ-

" The Journal of Physiqal Chemistry, Vol. 80, No. 8, 1976
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ing urban airshed models,!>18 kinetic data for the reactions
of the OH radical with hydrocarbons, as well as various in-
organic species, are necessary. Prior to 1970 relatively few
absolute rate constants were available for OH reactions
with organic species; however, since then a large number of
determinations have been reported for alkanes!?-?7 and
alkenes.21-23.28-36 Although aromatic compounds such as
toluene, xylenes, propylbenzene, m-ethyltoluene, and 1,2,3-
and 1,2, 4-trimethylbenzenes are present in polluted ambi-
ent air,®”-% only in the past few years have significant
studies been reported on the reactions of the OH radical
with some of these aromatics.2140-42 For example, recently
we reported the use of an environmental chamber to obtain
accurate relative rate constants for the gas phase reaction
of hydroxyl radicals with a series of aromatic hydrocarbons
using n-butane as the reference compound.*? Although a
number of other species are present in these experiments
(i.e., O(3P), HOq, O3, NOj3, etc.), with the exception of O3 in
the case of the alkenes, these species have been shown to
make at most minor contributions to the observed disap-
pearance of the hydrocarbons investigated. Thus, the rate
constants determined in our previous study?*? are in good
agreement with those determined subsequently in separate
studies of the reactions of individual compounds with OH
using a flash photolysis-resonance fluorescence tech-
nique. 40+ -

On the basis of this validation of the environmental
chamber method, we have extended our investigation to in-
clude an additional six aromatic hydrocarbons, four al-
kanes, and four alkenes.

‘Experimental Section

Irradiations of the HC-NO, —air system were carried out
in an all-glass (Pyrex) chamber of approximately 6400-1.
volume equipped with two externally mounted, diametri-
cally opposed banks of Sylvania 40 BL fluorescent lamps.*3
Before each experiment the chamber was flushed for a
minimum of 2 h at a rate of 12-15 scfm with a purified air
stream.** The resulting matrix air contained less than ~1 X
10~9 M (100 ppb C) of nonmethane hydrocarbons. All reac-
tants were injected into the chamber using 100-ml preci-
sion bore syringes and rapid mixing was obtained using
Teflon-coated sonic pumps. During irradiation, the cham-
ber temperature was maintained at 305 + 2 K by passing
chilled air between the chamber walls and the fluorescent
lamp banks. :

Hydrocarbon disappearance was measured by gas chro-
matography using the columns and techniques developed
by Stephens and Burleson.3745 Ozone*® was monitored by
means of ultraviolet absorption (Dasibi Model 1003 analyz-
er), carbon monoxide by gas chromatography (Beckman
6800 Air Quality analyzer), and NO-NO>-NO, by the
chemiluminescent reaction of NO with ozone (TECO
Model 14B).

The concentrations of the reactants ranged between 4.5
and 9.0 X 10-1© M (11-22 ppb in air) except for ethene,
ethane, acetylene, and n-butane whose concentrations were
1.8, 3.7, 1.8, and 8.3 X 10~2 M (45, 92, 45, and 203 ppb in
air), respectively. In addition low concentrations of carbon-
y! compounds (formaldehyde, acetaldehyde, and acetone)
were present. Initial concentrations in the photolysis ex-
periments were 27 X 10™° M (2900 ppb C) of total non-

methane hydrocarbons, 1.75 X 102 M (0.43 ppm) of NO, - -

(with an NOo/NO; ratio of 0.12), 28.5 X 109 M (7.ppm) of

CO, and 112.9 X 10~9 M (2775 ppb) of methane together
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with water at 50% relative humidity. Four replicate experi-
ments were carried out in which this mixture was irradi-
ated for 3 h with continuous analysis of inorganic species
and analysis of hydrocarbons every hour. The irradiation
period was extended from 2 to 3 h compared with our ear-
lier study in order to obtain additional data points. The
light intensity, measured as the rate of NO; photolysis in
nitrogen, k1,47 was approximately 0.26 min—!. All data were
corrected for losses due to sampling from the chamber
(0.9-2.0%/h) by subtraction of the average dilution rate
from the observed hydrocarbon disappearance rate. Al-
though the HC/NO, ratio was chosen to delay the forma-
tion of ozone, after 3 h of irradiation the ozone concentra-
tion was 0.065 X 10~9 M (0.016 ppm) or less in three of the
runs and 0.13 X 1079 M (0.031 ppm) in the fourth (which-
had a higher initial formaldehyde concentration). A small
correction for loss of hydrocarbon due to reaction with -
ozone was applied to the alkene disappearance rates.

Results

The rates of disappearance observed during a 3-h run for
the seven aromatic hydrocarbons, four alkanes, and four
alkenes are shown in Figures 1-3, respectively (n-butane is
included as the reference compound in each figure). Table I
gives the disappearance rates for these reactants (after ap-
plication of the dilution correction and for alkenes, the
ozone correction), relative to that for n-butane, based on
data from the four separate experiments.

" With the assumption that the OH radical is the species
responsible for the hydrocarbon depletion during the 3-h
irradiation, absolute rate constants were derived from the
relative rates of disappearance using a value of 1.8 X 10°
M-~-1 571 ag the mean of the existing literature values for the
reaction of OH with n-butane?!.23,24.27

OH + n-C4H10 - HQO + C4H9 (1)

These results are shown in Table I and are compared with
existing literature values whenever possible in Table II.

- Discussion

As seen from Table II, the validation of the assumption
that the OH radical is by far the major species depleting
the hydrocarbons (during the first 2-3 h of reaction) has
been provided by the good agreement observed between
OH rate constants determined in our previous chamber
study*? for benzene, toluene, 0-, m-, and p-xylenes, and the
trimethylbenzenes with those determined in elementary re-
action studies of each individual hydrocarbon.4%4! The ex-
tent to which this assumption is valid is indicated by the
results of computer modeling calculations*® (shown in Fig-
ure 4) for an HC-NO, system of overall concentrations
identical with that used in this study. In the computer sim-
ulation a propene and n-butane mixture was used as a sur-
rogate for the complex hydrocarbon mixture employed in
the experiment and the rate of attack on propene by OH,
03, O(3P), and HO; was calculated. The relative and total
concentrations of propene and n-butane were chosen such
that the overall hydrocarbon reactivity toward the OH rad-
ical would equal that predicted for the complex mixture. It
is clear from Figure 4 that, although OH is the major at-
tacking species in these experiments, the O3 contribution
to the disappearance rates of the alkenes increases with
time of irradiation. In contrast the rates of reaction of Oy
with alkanes and aromatics are many orders of magnitude
slower®®-52 than with alkenes?®33 and no correction for
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' / I I T TABLE I: Rates of Disappearance and Rate Constants for
'ON 4 Selected Alkanes, Alkenes, and Aromatic Hydrocarbons at 1
9 ; . . .
_ 8?\’\1\:%““ atmin Airat 305+ 2K
E | Relative )
g o= N ~PROPYLBENZENE - rate of 10~9%,°
s 6 1SOPROPYLBENZENE _| Compound disappearance M-tg-!
Qo
g ETHYLBENZENE n-Butane 1 1.80
E 5'_ N Isopentane 1.10 ' 2.0+ 04
5 2-Methylpentane 1.77 3.2+06
84 p- ETHYLTOLUENE 3-Methylpentane 2.40 - . 43+09
g 0~ETHYLTOLUENE n-Hexane 2.09 3.8:08
a m-Xylene 7.18 12.9 + 2.6
3 - n-Propylbenzene 2.07 37308
% Isopropylbenzene 2.03 3.7+08
g m-ETHYLTOLUENE Ethylbenzene 2.65 48410
o
m-XYLENE o-Ethyltoluene 4.57 82+16
| L [ m-Ethyltoluene 6.49 117423
&5 1 2 3 p-Ethyltoluene 4.33 78+16
HOURS OF RRADIATION Ethene 288 ) 52410
R 175+ 35
Figure 1. Logarithmn of the aromatic hydrocarbon concentration dur- f‘;‘é‘ﬁ; diene 22 ’éo 46,4403
ing 3-h photolysis of HC~NO, mixture in air at 305 & 2K and 1 atm. cfs- 2.Butene 1.8 3994 8.0

3 l T T T ]

| . n ~BUTENE :
[

MZ-MUHMEMANE :
3-METHYLPENTANE |

OBSERVED CONCENTRATION farbitrary unifs)

@ The indicated error limits are £20% and are the estimated
overall error limits. ® Placed on an absolute basis using the mean
of the literature values; ref 21, 23, 24, and 27.

TABLE II: Rate Constants, k, for OH Radical Reartions with
_n-Butane and Selected Alkane, Alkenes, and Aromatic

Hydrocarbons at Room Temperature

[ty

[l e

0\0\_0\0 1 10~%, M—15-1
n-HEXANE { - -
Envirohmental
| 1 ! : | l Compound  chamber studies®-? Lit. values
0 1 z 3 ‘
HOURS OF IRRADIATION Benzene <232 074 £ 0.07¢
Figure 2. Logarithm of concentrations of afkanes during 3-h photoly- 0.95 +0.07¢
sis of HC~NO, mixture in air at 305 + 2 K and 1 atm. Toluene 2.5+ 0.9 3.47 £ 0.35¢
3.67 £ 0.24¢
o-Xylene 7.7£23% 9.18 £ 0.90,° 11¢
m-Xylene 14+1° 14.2 & 1.4¢
| T T T : 129 + 2.6° 11e€
'0?'\-0-\0\0 y p-Xylene 74£15°  7324072°11°
9 1 1,2,3-Trimeth- 14 £ 8° 15.8 + 1.6¢
28 n-BUTANE ylbenzene
5, | ' S 1,2,4-Trimeth- 20 % 3° 20.1 + 2.0¢
s ETHENE ylbenzene
-ﬁ 6l i 1,3,5-Trimeth- 3144 28.3 4+ 2.9¢
g ylbenzene
st N Isopentane 2.0 + 0.4% 2.7
5 2-Methylpent- 3.2+06% 3.4f
2 4l PROPENE ane R
P 3-Methylpent- 43%09 3.4/
S ane .
x 3 n-Hexane 3.8+0.8 2.9f
S 3r . Ethene 52+1.0° 574 06¢
o 1.1, 3.0,i 3.2 + 0.4,
5 3.0,% 1.8 + 0.6}
& P o 115 & 350 1.0+ 0313301
S 2b i . . 8
S cis-2-BUTENE ropene » %(1{.; i g::;"
§ 87+13/!'151+15°
g 9.6 +£ 0.3, 3.0 £ 1.0,"
z 3.0+ 0.6"
< 13-BUTADIENE cis-2-Butene 39.2 £ 8.0° 36.7,032.3 + 3.2,°
8 : ‘ 25.7 & 1.5
' ; é :; @ Reference 42. ® From Table 1. ¢ Reference 40. 9 Reference 41.

.. * Reference 21 for a mixture of xylene isomers. / Reference 24.
# Reference 33. * References 30 and 21. ! Reference 31. f Reference .
36. * Reference 29. ! Reference 28. ™ Reference 22. * Reference 32.
° Reference 35. P Reference 34.

HOURS OF tRRADIATION

Figure 3. Logarithm of concentrations of alkenes during 3-h photoly-~
si$ of HC-NO, mixture in air at 305 + 2 K and 1 atm.
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Figure 4. Predicted relative importance of several reactive interme-
diates during photooxidation of propene-n-butane mixture under
simulated atmospheric conditions.

their reaction with ozone was necessary. For example, the
rate constant for the reaction of ozone with toluene is about
nine orders of magnitude lower than that for OH with tolu-
ene. During the initial hours of irradiation other species
such as NO3%% and HO2%® may contribute slightly to hydro-
carbon disappearance rates, especially for alkenes, but
since their concentrations, and in some cases rate con-
stants, are not known, correction was not possible.

Hydroxyl Radical Source in this System. The major
sources of OH in our experimental system are probably the
reactions’&13,15 ‘

NO + NO, + H,0 = 2HONO @)
HONO + hv (290-410 nm) — OH + NO 3)
HO, + NO — OH + NO. (4)

Nitrous acid has been observed in a chamber study of sim-
ulated atmospheres carried out in our laboratory>” when a
mixture of propene and nitrogen oxides in moist air was
photolyzed, indicating that HONO can be formed in HC/
NO, systems under conditions similar to those employed in
the present study (Nash58 claims to have measured HONO
in ambient air, at levels up to 11 ppb). Direct evidence for
formation of OH radicals in environmental chambers has
been provided recently by Niki, Weinstock, and cowork-
ers.11.54 Reaction 4, of major importance, provides a further
source of the OH radical. HO; can be formed in air®.59 by
any mechanism producing H atoms or formyl radicals via
the reactions

H+ 0.+ M—HO; + M (5)
HCO + O3 — HO> + CO (6)

Thus any mechanism producing HO; in our system is also a
means of furnishing OH radicals via reaction 4.

The concentration of OH radicals present during these
experiments was calculated to be (1.5-2.0) X 108 molecules
cm™3 using the observed rates of m-xylene disappearance
(corrected for dilution) and the previously determined rate
constant for OH + m-xylene.#%*2 These concentrations are
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of the same order as those observed directly in ambient
airl®1! a9 discussed above.

Aromatic Hydrocarbons. Present results for the rate
constant for the reaction of OH with m-xylene show good
agreement with the previous study4? carried out in our lab-
oratory (Table II), indicating good reproducibility for this
technique.

Rate constants for the reaction of OH with the propyl-
benzenes and ethyltoluenes have not been reported pre-
viously. However, the trend in rate constants for the reac-
tion with o0-, m-, and p-ethyltoluene is identical with that
previously determined for the xylenes*®42 which supports
the concept that OH is an electrophilic species, since attack
on the meta compound is favored.

Davis et al.#! have studied the reaction of OH with ben-
zene and toluene and from the observed pressure depen-
dence of the reactions, conclude that addition occurs at
least 50% of the time. In an environmental chamber study
similar to that reported here, Schwartz et al.5® tentatively
identified a number of aerosol products such as phenols
and aromatic nitro compounds from the photooxidation of
toluene in the presence of nitrogen oxides. A mechanism
was proposed assuming initial addition of OH to the aro-
matic ring. In the case of the more highly substituted aro-
matic compounds studied here, it may be possible that hy-
drogen abstraction from the side chain could possibly be as
important as addition. This is supported by the fact that a
log plot of the OH-aromatic hydrocarbon rate constants vs.
the ionization potential of the hydrocarbon (which, for ab-
straction reactions, is expected to be linear) in this case did
not yield a straight line.

. Detailed product studies are required in order to obtain
the quantitative data necessary to further elucidate the
mechanism of OH attack on various aromatic hydrocar-
bons.

Alkanes. Greiner® has derived an empirical formula for
calculating the rates of reaction of OH with alkanes based
on his experimental results for the reaction of the OH radi-
cal with selected alkanes: ‘

k =6.15 X 108N, exp(—1635/RT)
+14.1 X 108N exp(~850/RT)
+ 12.6 X 108N ; exp(+190/RT) M~15™?

:where Ny, Ny, and N3 are the numbers of primary, secon-

dary, and tertiary hydrogen atoms, respectively, in the al-
kane. We have used this equation to calculate the rate con-
stants for isopentane, 2- and 3-methylpentane, and n-hex-
ane. The calculated values are in quite good agreement
with the experimental values. Although Greiner’s formula
predicts the same rate constants for the 2- and 3-methyl-
pentanes, our study suggests that the latter is somewhat
higher. Indeed this may be expected since the stability of
the radical formed by the abstraction of the tertiary H
atom from 3-methylpentane should be greater than that for
the radical formed from similar attack in the 2-methylpen-
tane case.

Alkenes. Unlike the alkanes and the aromatic com-
pounds, alkenes react with ozone at a significant rate.
Thus, in our experimental system, the small amounts of O3
formed during the 3-h photolyses contributed to the alkene
disappearance rates. From the measured concentrations of
ozone and the published rate constants for the reaction of
O3 with the alkenes studied,49:5361-63 g correction was made
to the alkene disappearance rates for loss due to reaction
with ozone. This amounted to ~3% for ethene, ~7% for
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propene, ~21% for cis-2-butene, and ~2% for 1 3-butadi-
ene.

Our results for the reaction of OH with propene
OH + C3Hg — products (7

are within experimental error of a recent absolute determi-
nation of k; using flash photolysis-resonance fluores-
‘cence,® while the value of k7 given in Table II for the re-
sult of Cox33 incorporates a stoichiometry factor of 2 to 3.
In parallel studies in this laboratory using flash photolysis—
resonance fluorescence® no evidence was found within ex-
perimental error of a pressure effect for k- by varying the
totai pressure from 25 to 100 Torr of argon, but additional
studies should be carried out, especially at lower pressures
where such an effect would become evident, to see whether
k7 exhibits any pressure dependence.

The value of the rate constant obtained in this study for.
the reaction of OH with cis-2-butene, though somewhat
high, is within experimental error of values previously re-
ported from direct determinations.2134.35 In, this case a sig-
nificant (21%) correction for reaction with O3 had to be ap-
plied to the data.

No previous determinations of absolute rate constants
have been reported for the reaction of OH with 1,3-butadi-
ene. However, the close agreement between our values. for

cis-2-butene and 1,3-butadiene is consistent with the work

by Cvetanovic and Doyle®* who showed that these two
compounds reacted at similar rates with oxygen atoms.

The value obtained in this study for the rate constant of
the reaction

OH + CzH,4 — products (8)

of 5.2 X 10° M~! s~! is about a factor of 2 higher than
published values from low pressure (<300 Torr) stud-
ies.?1,22.28-32.36 The only other study to date carried out at
atmespheric pressure is that recently reported by Cox, in
which OH was generated by photolyzing gaseous nitrous
acid in nitrogen/oxygen mixtures (2:1) at 760 Torr and the
effect of added alkenes on the photolysis of nitrous acid
was studied. A rate constant akg = (5.7 + 0.6) X 10° M—!
s™! was obtained relative to a value of 9.0 X 107 M~ s~ for
the reaction of OH with CO, where « is a stoichiometry fac-
tor. Cox suggests that « is between 2 and 3 based on pub-
lished values for the direct determination of kg. Davis et
al.* have shown that the significant differences between
low pressure measurements of reaction 8 can be rational-
ized by the fact that the reaction exhibits a pressure depen-
dence over the region studied (3 to 300 Torr of He).

This pressure dependence is probably due to the initial
formation of the adduct observed by Niki and cowork-

ers.?130 Presumably this adduct becomes stabilized by col-
lisional deactivation

793
T T - T T T
oo s _ T
Or + CaHg—= PRODUCTS
]
z 4
2
-
2
=] r )
E
“~ 954 % M:N20 1
£
. J
S $M:Np
-
o
L2
I L " 1 2 L
900 " 1.0 20 o 3.0

log P(P in tarr)

Flgure 5. Variation with pressure of the rate constant kg for the re-
action of OH with CoHy; M is “bath gas’ in reaction 8: (@) Davis et
al.;% (O) Smith and Zellner;®' (®) this work.

. equivalent. Thus, at 3 Torr of diluent gas, the results of

) M .
OH + 02H4 - CHzCHzOH (83)

While it is possible that our determination of kg is higher
than previous values due to the fact that species other than
OH -and O are depleting the ethene, at least part of the
discrepancy may be due to the difference in pressure re-
gions studied. Figure 5 shows a plot of log kg vs. log P
where P is the total pressure in the system for studies car-
ried out using Ns, 04, or N2O as diluent gases. Studies car-
ried out using less efficient third body gases such as He are
not plotted since the present study is focused on ambient
atmospheric conditions and third bodies such as N or the

Davis et al.36 differ by a factor of 1.6 depending on whether
No or He is used as the diluent gas. Although our results for
ethene are subject to some uncertainty, it appears possible
that reaction 8 is not at the limiting high pressure kinetics
region until the pressure exceeds 1 atm.

Conclusions

Relative rate constants have been determined for the re-
action of OH with 14 hydrocarbons and these rate con-
stants have been placed on an absolute basis using the lit-
erature values for the rate constant of OH + n-butane. No
previous determinations have been reported in the case of
seven of these compounds.

Our results indicate that the reaction of OH with ethene
possibly does not obey second-order kinetics until pres-
sures exceed 1 atm while for propene and the higher alk-
enes the reactions are second order at atmospheric pres-
sure.

The comparatively high rates of reaction observed for
the aromatic hydrocarbons have significant implications
for the control of photochemical air pollution. This subject
and the use of the present data in the formulation of a hy-

drocarbon reactivity scale has been treated in detail else-
where.65 :
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Relative Rate Constants for the Reaction of the Hydroxyl Radical with
Selected Ketones, Chloroethenes, and Monoterpene Hydrocarbons
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The relative rates of disappearance of three monoterpene hydrocarbons, two chloroethenes, and three ali-
phatic ketones were measured in an environmental chamber under simulated atmospheric conditions at 305
% 2 K. The observed rates of disappearance were used to derive relative rates of reaction of these organic
compounds with the hydroxyl radical (OH) on the previously validated basis that OH is the species domi-
nantly responsible for the hydrocarbon disappearance under the experimental conditions employed. Abso-
lute rate constants, obtained from the relative values using the published rate constant for OH + isobutene
(3.05 X 101 M~1571), are (k X 1020 M~15~1): a-pinene, 3.5 & 0.5; B-pinene, 4.1 & 0.6; d-limonene, 9.0 + 1.4;
methyl ethyl ketone, 0.20 % 0.06 methyl isobutyl ketone, 0.9 + 0.3; diisobutyl ketone, 1.5 + 0.5; trichlo-
roethene, 0.27 & 0.08; tetrachloroethene, 0.13 + 0.04. No previous determinations of these rate constants
have been found in the literature. Rate constants for an additional nine monoterpene hydrocarbons have

been derived from data recently published by Grimsrud, Westberg, and Rasmussen.

Introduction

During the last six years, the major role of the hydroxyl
radical (OH) in atmospheric chemistry and photochemical air
pollution has been recognized,!~7 and kinetic data for the re-
action of OH with both organic and inorganic species have
increased substantially.® However, there are currently no
published rate constant determinations for the reaction of OH
with ketones, chloroethenes, or any of the naturally occurring

hydrocarbons such as the monoterpenes. Such rate constant
data for the reaction of OH with these three classes of com-

pounds would be useful in part because of their increasing
importance for modeling the atmospheric processes occurring
both in urban and rural atmospheres. Specifically, ketones and
chlorinated hydrocarbons are components of commercial
solvents,®10 Both tri- and tetrachloroethene have been ob-
served in the troposphere at part per trillion (ppt) concen-
trations of <5!! and 20 ppt,'!!2 respectively, while methyl
ethyl ketone has been observed at concentrations of 1-6 parts
per billion (ppb).'8 Monoterpene hydrocarbons have been
shown to be present in the atmosphere with source strengths
of millions of tons annually.!* Thus, Rasmussen516 and co-
workers have estimated that, on an individual basis, such
naturally occurring hydrocarbons have ambient concentra-
tions in the low ppb range and are largely responsible for the
“blue haze” occurring in certain forested areas.”

This paper describes an extension of our recent experiments
in which an environmental chamber has been employed to
obtain relative rate constants for the gas phase reaction of the
hydroxyl radical with a series of hydrocarbons.!819 In this case
we report data for the reaction of OH with three ketones, two
chloroethenes, and three monoterpene hydrocarbons using
isobutene as a reference compound.

-Experimental Section

The experimental methods and procedures employed have
been described in detail elsewhere!819 and are only briefly
summarized here. Irradiations of the hydrocarbon-NO,—air
system were carried out in a Pyrex chamber? of approxi-

- mately 6400-1. volume equipped with externally mounted

Sylvania 40-BL fluorescent lamps whose spectral distribution
has been reported elsewhere?! (photon flux at 300 nm is ap-
proximately 1% of the photon flux maximum at 360 nm). The
light intensity, measured as the rate of NO, photolysis in ni-
trogen,?? k;, was approximately 0.4 min~1. All gaseous reac-
tants were injected into pure matrix air? in the chamber using
100-ml precision bore syringes. Mixtures of the liquid reac-
tants were injected using micropipettes. During irradiation,
the chamber temperature was maintained at 305 + 2 K.
Alkene, terpene, and ketone concentrations were measured
by gas chromatography (GC) with flame ionization detection
(FID) using the columns and techniques developed by Ste-
phens and Burleson.?425 The chloroethenes were also moni-
tored with GC(FID) using a 10 ft X % in. stainless steel column
packed with 10% Carbowax 600 on C22 Firebrick (100/110
mesh). Ozone?® was monitored by means of ultraviolet ab-

~ sorption (Dasibi Model 1003 analyzer), carbon monoxide by

gas chromatography (Beckman 6800 air quality analyzer), and
NO-NO2-NO, by the chemiluminescent reaction of NO with
ozone (TECO Model 14B).

The initial concentrations of reactants are shown in Table
I. In addition to these compounds, ethene (20~28 ppb), ethane
(48-61 ppb), acetylene (25-37 ppb), propane (13-15 ppb), and
variable concentrations of formaldehyde (16-134 ppb), ac-
etaldehyde (0-7 ppb), and acetone (3-19 ppb) were present.
Initial concentrations in these experiments were 1200-2100
ppb C of total nonmethane hydrocarbons, 0.58 ppm of NO,
(with an NO2/NO;, ratio of 0.05-0.10), 5 ppm of CO, and 2900
ppb of methane, together with water vapor at 50% relative
humidity. Replicate experiments were carried out in which
this mixture was irradiated for 2-3 h with continuous analysis
of inorganic species, analysis of hydrocarbons every 15 min,
and analysis of monoterpenes, chloroethenes, and ketones
every 30 min.

All data were corrected for losses due to sampling from the
chamber by subtraction of the average dilution rate (1.2% per
hour) from the observed hydrocarbon disappearance rate. The
HC/NO, and NO/NO; ratios were chosen to delay the for-
mation of ozone, and ozone was not detected during the irra-
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TABLE I: Rates of Disappearance and Rate Constants? for
Selected Ketones, Chloroethenes, and Monoterpene
Hydrocarbonsat 1 atm in Air at 305 « 2K

"Relative
Initial rate of
concn, disap- kot M~
Compound ppb pearance st x 10-t°
Isobutene 17-20 1.0 3.05: 0.31
Propene 5-~7 0.49 1.49 = 0.22
cis-2-Butene 7-8 1.22 3.72+ 0.56
Methyl ethyl 50-100 0.07 0.20 + 0.06
ketone
Methyl isobutyl 20-70 0.3 0.9: 0.3
ketone
Diisobutyl ketone 20-32 0.5 1.5+ 0.5
«-Pinene 10-20 1.14 3.48 : 0.52
BPinene 10-20 1.33 4.06 + 0.61
d-Limonene 10-20 2.95 9.00: 1.35
. Trichloroethene 41-161 0.088 0.27 + 0.08
Tetrachloroethene 14-88 0.044 0.13: 0.04

4 Placed on an absolute basis using 3.05 x 10'° M~ s~ for
OH + isobutene from ref 35. b The indicated error limits are
t15%, except in the case of the chloroethenes and ketones,
for which they are  30%. These represent the estimated
overall error limits and include both experimental errors
and uncertainties which may occur in assuming that hydro-
carbon disappearance is due solely to reaction with OH.

diation period, except in the case of one experiment, for which
& small correction for the loss of hydrocarbon due to reaction
with ozone was applied to the alkene disappearance rates.
~ In order to obtain additional data (at lower OH concen-
trations) to correct for the concurrent photolysis of the ketones
as discussed below, irradiations of a mixture of ketones and
isobutene were carried out. In these experiments, NO,, CO,
and other hydrocarbons were not added, and, under these
conditions, relatively low concentrations of OH (<5 X 105
radicals cm™=3) were obtained.
Hydroxyl Radical Source in this System. As discussed

previously,!® the major sources of OH and its precursors in our
experimental system are probably the reactions#5:27.28 -

NO + NO; + H,0 = 2HONO (1)

HO; + NO; — HONO + 0, (2)
HONO + h» (290-410 nm) — OH + NO (3)
HO; + NO — OH + NO, 4)

The first reaction is now thought to occur slowly homoge-
neously,? but its rate is probably significantly faster when the
reaction is catalyzed by surfaces. Thus, nitrous acid has been
observed in a chamber study of simulated atmospheres carried
out in our laboratory,? while direct evidence for formation
of OH radicals in an environmental chamber hags been pro-
vided recently by Niki, Weinstock, and co-workers 3132

Reaction 4, of major importance, provides a further source
of the OH radical. HO; can be formed in ajr33.3¢ by any
mechanism producing H atoms or formyl radicals (e.g.,
formaldehyde photolysis) via the reactions

H+0;+M—~HO,+M (5)
HCO + 0, — HO, + CO (6)

Thus any mechanism producing HO, in our system is also a
means of furnishing OH radicals via reaction 4.

The concentration of OH radicals present during these ir-
radiated HC-NO, experiments was calculated to be (1.4-3.5)
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X 108 radicals cm—3 using the observed rates of isobutene
disappearance (corrected for dilution) and the previously
determined rate constant for OH + isobutene.35 These con-

“centrations are of the same order as those observed directly
in ambient air.31,32.36,37

Results and Discussion

Typical rates of disappearance observed durj nga2-hirra-
diation of the three ketones and 3-hirradiations of the three
monoterpene hydrocarbons and the two chloroéthenes are
shown in Figures 1, 2, and 3, respectively. Isobutene was used
as the reference compound (and is included in each figure),
rather than n-butane which was used in our previous stud-
ies, 1819 hecayse its reactivity was closer to that of the terpenes,
and its rate of decay could be measured more accurately in our
system. In addition, the ratio of kon/ko, for isobutene is
greater323%than that for any of the other olefins studied, thus
minimizing any contribution to the disappearance rate due
to reaction with ozone. Table I gives the disappearance rates
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(corrected for dilution) for these reactants relative to that for
isobutene based on data for the three separate experiments
for monoterpenes and four separate experiments for methyl
isobutyl and diisobutyl ketone and chloroethenes. Methyl
ethyl ketone was present in all experiments.

Employing the fact that a range of OH concentrations (2.0

X 10%-3.5 X 10 radicals cm™—3) was observed in these experi-
ments, corrections to the measured rates of disappearance of
the ketones were made for the possible small contribution

“from photolysis of these compounds. These corrections were

made in the following manner. The observed rate of disap-
pearance of a ketone is given by

d In [ketone]/dt = kg [OH] + ks, D

where kx and kj, are the rate constants for reaction with OH
and photolysis, respectively. The isobutene disappearance rate
is controlled solely by reaction with OH, hence

d In [isobutene)
dt ki

where kg is the rate constant for reaction of OH with isobu-
tene. Thus, substituting for [OH] in eq 7

d In [ketone] _ kx dIn [iscbutene]
de kip di

Based on eq 9, the relative rates of ketone disappearance were
determined from the slopes of plots of d In [ketone]/dt vs. d
In [isobutene]/d¢. The intercepts of these plots gave the rate
constants for photolysis. For methyl ethyl, methyl isobutyl,
and diisobutyl ketone the ratios kx/k;g were 0.07, 0.3, and 0.5,
respectively, and the photolysis rate constants, kj,, were 0.007,
0.014, and 0.25 h~1, respectively.

On the basis that the OH radical is the species dominantly
responsible for the hydrocarbon depletion during the 2- or 3-h
irradiations (as discussed in detail in our earlier papers),18.19
absolute rate constants were derived from the relative rates
of disappearance using Atkinson and Pitts® value of (3.05 +
0.31) X 10! M~1 s~ for the reaction of OH with isobutene.
These results are shown in Table I. It should be noted that the
ratio of rate constants (0.5 and 1.2, respectively) obtained here
for propene and cis-2-butene relative to isobutene are in ex-
cellent agreement with the ratios obtained by Atkinson and
Pitts (0.5 and 1.1, respectively).35

[OH] = @

+ky, (9

1637

Ketones. To our knowledge, the data presented here rep-
resent the first experimental determination of rate constants
for the reaction of the OH radical with any ketones in the gas
phase. The only literature value for ketones is an estimated
rate constant of 2.1 X 10° M~ 571 for the reaction of OH with
methyl ethyl ketone, which was made by Demerjian, Kerr, and
Calvert® on a thermochemical basis. This value is in remark-
ably good agreement with the experimental value obtained
here (2.0 X 109 M-15-1),

The rate constants for the reaction of OH with the two other
ketones reported here are significantly larger than that for
methyl ethyl ketone. Thus, the rate constant for diisobutyl
ketone is about the same as that for OH + propene 81235 The
dominant mode of reaction of OH with ketones is expected to
be one of hydrogen abstraction. This is consistent with the
increased rate constant in going from methyl ethyl ketone to
diisobutyl ketone reflecting a weaker C~H bond strength in
going to more highly substituted ketone.

Acetone is relatively stable under conditions employed in
our photooxidation studies, and, consequently, the rate con-

. stant for OH + acetone was not measured. Based on the fact

that the C-H bond strength in acetone (98 kcal) is 6 keal
stronger than that for methyl ethyl ketone (92 keal), one would
expect OH to react significantly slower with acetone than with
methyl ethyl ketone.

Chloroethenes. Rate constants for the gas phase reactions
of OH with tri- and tetrachloroethene (CsHCl; and CoCly,
respectively) have not been reported previously. The rate
constants found in this study are 0.5 and 0.25, respectively,
of the rate constant for OH + CyH,.1° This difference in re-
activity for the chloro-substituted ethenes and ethene is
consistent with the results of Sanhueza and Heicklen, 3340 who
reported that the rates of reaction of O(3P) with CsHCl; and
CoCl, were the same and were both a factor of 10 less than that
for the reaction of O(3P) with ethene. .

Our results show that trichloroethene is more reactive with
respect to attack by OH than tetrachloroethene. This is in
agreement with the results of Lissi*! for CH30 reactions and
Franklin et al.42 for Cl atom reactions with these compounds.
These workers found relative rates for attack on C2HCl; and
C2Cly of 2.2 and 2.6 for CH30 and C}, respectively, compared
to 2.0 for OH, as found in the present study. Gay et al.*3 re-
cently reported results from a photooxidation study of chlo-
roethenes which, while not directly comparable to the present
study due to the presence of substantial concentrations of
ozone, showed that CoHCl; disappeared more rapidly than
C4Cly (near the beginning of their irradiations, when ozone
concentrations were relatively low, the ratio of the rates of
disappearance was ~2).

Since addition is likely to be the primary reaction pathway
for attack by OH, the relative reactivity of C2H,, CoHCl;, and
C2Cly should reflect the relative magnitudes of the ionization
potentials of these molecules, which are 10.66, 9.48, and 9.34
eV, respectively. Qur results are consistent with this trend.

Monoterpene Hydrocarbons. The terpenes experimentally
investigated were a-pinene (I), 8-pinene (II), and d-limonene
(I1I). The detection limit for ozone in these experiments was

XX O

I i I

~1 ppb, and, since no ozone was detected during irradiations
of the terpenes, an upper limit to the contribution due to re-
action with ozone to the observed rates of terpene disap-
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TABLE II: Reactivity of Selected Monoterpenes with
O(°P), 0,,and OH ~ '

Rate constant, M-! s='

Compound o(’py 0o, OHe

a-Pinene 1.60 : 0,06 2.0 x 10s 3.5 x 10
x 10'° 1.0 x 105¢

8.8 x 10*d

fFPinene 1.561 + 0.06 2.2 x 10%d 4.1 x 10'°
X 10'*

d-Limonene 6.50 = 0.52 3.9 x 10%d 9.0 x 10'°
x 10'°

2 Reference 49. ® Reference 48, ¢ Reference 45, 4 Refer-
ence 16. ¢ This work. ‘

pearance can be calculated. Thus, assuming an ozone con-
centration of £1.0 ppb, and using published rate constants
for the reaction of ozone with the terpenes, 64345 an upper
limit of 7% of the overall disappearance rate is obtained for
the case of d-limonene (the worst case) at the lowest OH
concentration present in these experiments (1.4 X 108 radicals
cm™3), ‘

It is interesting to note that the rate constant, 3.7 X 1010
M-! s=1, obtained in this study for OH + cis-2-butene, a
component in the hydrocarbon mix (Table I) used in this set
of experiments, is in good agreement with the values of 3.2 X
10%% and 3.7 X 1010 M~15~1, obtained by Atkinson and Pitts35
and Morris and Niki,*¢ respectively, although our value is
somewhat higher than the value of 2.6 X 101° M~15~! obtained
by Fischer et al.;#” in these three studies, the rate constant was
determined from elementary reaction measurements.

Table I shows the absolute rate constant values obtained
for the terpenes. Clearly, these natural hydrocarbons react
very rapidly with OH. For example, a-pinene reacts about 3
X 10° times faster with OH than with ozone.1648 Thus, for an
ozone concentration of 3 X 10! molecules cm=2 (0.12 ppm)
and an OH concentration of 107 radicals cm™3, the rates of
disappearance of «-pinene due to reaction with O3 and OH,
respectively, will be essentially equal, A comparison of the
rates of the three terpenes with O(3P), O3, and OH is given in
Table I1.164546. Within the experimental errors for the rate
constants for OH + «- and 3-pinene, the trend observed for
reaction with OH is the same as that observed for reaction
with O(3P) and Os.

Grimsrud, Westberg, and Rasmussen (GWR)6 have re-
ported the relative rates of photooxidation of a series of
monoterpene hydrocarbons using mixtures of 10 ppb of the
monoterpene and 7 ppb of nitric oxide, which were irradiated
for periods ranging between 60 and 120 min. Making the
reasonable assumption that, as in the case of our studies, OH
is the major species depleting the hydrccarbon in their ex-
periments, then a series of rate constants relative to isobutene

‘(which was included in the GWR study) can be generated in
the same manner as described above. The data from GWR are
given in Table I1I relative to isobutene = 1.0.

Considering the-uncertainties involved in this approach

(including a lack of knowledge of the exact ozone concentra--

tions formed in the experiments of GWR), the agreement
between our results for the reaction of OH with a- and 8-
pinene and d-limonene and those shown in the fourth column
of Table III is quite good and, except in the case of -pinene,
well within the estimated experimental uncertainty for our
determinations. The fact that our value of OH + d-limonene
is only slightly higher than GWR suggests that little or no Oy
was formed in their experiments, since there was less than 1
ppb formed during our irradiations.
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TABLE III: Relative Reaction Rates of Monoterpene
Hydrocarbons and Rate Constants? for Their Reaction
with the OH Radical Based on Data from Grimsrud,
Westberg, and Rasmussen (Ref 16)

Rel kon. M—!
Hydrocarbon Structure  reactivity s=' X 10~!'°
p-Menthane —O——( 0.13 0.40
p-Cymene _©_< 0.30 0'920(3672
+ 0.16)
Isobutene >= 1.0 3.05
B-Pinene ><z§ 1.3 4.0 (4.1
. : + 0.6)¢
Isoprene > 1.5, 4.7 E) 4&_&1
a-Pinene ><Z§ 1.5, 4.7 (3.5
x 0.5)°
3-Carene _CYL 1.7 5.2
B-Phellandrene =C>—< 2.3 7.0
Carvomenthene —-O—( 2.5 7.6
d-Limonene _O__< 2.9 8.8 (9.0
+ 1.4)°
Dihydromyrcene >=\_>—\ 3.6 10.1
Myreene >‘=‘\_>-—\ 4.5 13.7
cis-Ocimene >“\_>—\ 6.3 19.2

4 Placed on an absolute basis using 3.05 x 10'° M~ s~! for
OH + isobutene from ref 35, » For p-ethyltoluene which is
structurally similar (ref 19). ¢ Present work (see Table II).

4 For 1,3-butadiene which is structurally similar (ref 19).

A further check on the validity of using the results of
Grimsrud, Westberg, and Rasmussen?6 to obtain OH rate
constant data is provided by the values derived for the reac-
tion of OH with p-cymene and isoprene. p-Cymene is
structurally very similar to p-ethyltoluene, and hence the OH
rate constants for these two compounds should be comparable.
In fact, this is the case with the value for OH + p-cymene of
9.1 X 10° M~1 5! derived from the data of GWR being very
close to that obtained for OH + p-ethyltoluene, 7.8 X 10° M—!
s~1, in our previous study.1? Likewise, isoprene is structurally
similar to 1,3-butadiene, and the rate constant derived for
isoprene of 4.7 X 101° M~1 57! is consistent with that pre-
viously measured!® for OH + 1,3-butadiene of 4.6 X 1010 M—?
s~1. On the basis of these comparisons, it appears valid to use
the photooxidation data of Grimsrud, Westberg, and Ras-
mussen'® to obtain OH rate constant data for the series of
monoterpenes which they investigated.

Conclusion

Relative rate constants have been experimentally deter-
mined for the reaction of OH with eight compounds, and these
rate constants have been placed on an absolute basis using the
literature value for the rate constant for OH + isobutene 35
In the same manner, rate constants for the reaction of OH with
nine additional compounds (monoterpene hydrocarbons) for
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which no previous rate constants are available have been de-
rived from data recently published by Grimsrud, Westberg,
and Rasmussen.18

The comparatively large rate constants obtained for the
ketones and monoterpene hydrocarbons indicate that they
will be quite reactive in the troposphere. The implications for
photochemical oxidant control strategies of the chemical re-
activity of the ketones, chloroethenes, and terpenes are dis-
cussed in detail elsewhere.50:51
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- Reactivity Scale for Atmospheric Hydrocarbons

Based on Reaction with Hydroxy! Radical

Karen R. Darnall, Alan C. Lioyd, Arthur M, Winer, and James N. Pitts, Jr.*
Statewide Air Pollution Research Center, University of California, Riverside, Calif. 92502.

‘W By use of relative and absolute rate constants for the re-
action of the hydroxyl radical (OH) with a number of alkanes,
alkenes, aromatics, and ketones, a reactivity scale is formu-
lated based on the rate of removal of hydrocarbons and oxy-
genates by reaction with OH. In this five-class scale, each class
spans an order of magnitude in reactivity relative to methane.
Thus, assigned reactivities range from <10 for Class I (con-
taining onty methane) to >10* for Class V containing the most
reactive compounds (e.g., d-limonene). This scale differs in
several significant ways from those presently utilized by air
pollution control agencies and various industrial laboratories.
For example, in contrast to other scales based on secondary
marifestations such as yields of ozone and eye irritation, it
focuses directly on initial rates of photooxidation. The pro-
posed scale also provides a clearer understanding of the im-
portance of alkanes in the generation of ozone during periods
of prolonged irradiation. The present scale can be readily
extended to include additional organic compounds (e.g.,
natural and anthropogenic hydrocarbons, oxygenates, chlo-
rinated solvents), once their rate of reaction with OH is known.

It has been recognized for many years (1-21) that all hy-
drocarbons occurring in polluted atmospheres are not equally
effective in producing photochemical oxidant, and hence that
the application of cost effective strategies for the control of
hydrocarbons requires that more stringent emissions reduc-
tions be applied to the more reactive organic compounds
(22~25). This in turn has led to a continuing requirement for
a rational assessment of hydrocarbon reactivity as a basis for
control decisions. Such an assessment is particularly critical
since attainment of the Federal air quality standard for pho-
tochemical oxidant has been sought largely through the
stringent control of hydrocarbon emissions (26-27).

The first effort to formulate and apply a practical hydro-
carbon reactivity scale was taken in 1966 with the imple-
mentation by the Los Angeles Air Pollution Control District
(LAAPCD) of a regulation, known as Rule 68, to limit solvent
organic emissions on the basis of their capacity for promoting
photochemical smog formation (24-25). This rule and other
conceptions of reactivity scales (28) represented a major ad-
vance in the application of the information then available
concerning the mechanisms of photochemical smog formation
to the development of practical air pollutant emission control
strategies.

Not surprisingly however, both in the past and present,
there have been significant differences in hydrocarbon reac-
tivity scales proposed by local, regional, and national air
pollution control agencies (23, 29-31) as well as by industry
(14, 16). As shown in Table I, this can lead to very large dif-
ferences in emission inventory estimates and in approaches
to hydrocarbon control (29, 32, 33). In this case, reactive hy-
drocarbon emission inventory levels calculated by Goeller et
al. {32) using hydrocarbon reactivity definitions of the Envi-

" ronmental Protection Agency (EPA) on the one hand, and the

California Air Resources Board (ARB) and LAAPCD on the
other, differed by factors of 3 to 4!

A second problem common to virtually all previous reac-
tivity classifications has been their reliance on smog chamber
data obtained for relatively short irradiation (~2-6 h) periods.

Thus, the recent concern over oxidant formation resulting
from longer irradiations during pollutant transport to regions
downwind of urban sources introduces additional difficulties
both in defining what constitutes a reactive hydrocarbon and
in categorizing degrees of reactivity. For example, a compound
such as propane, the major component in liquefied petroleum

.gas (LPG) and often cited as a “clean” fuel, is now known

(34-36) to contribute to the formation of photochemical oxi-
dants in the later stages of day-long irradiation periods.
However, on the basis of data obtained during short-term ir-
raciations, propane has been classified as “unreactive” in a
reactivity scale proposed (23) by B. Dimitriades of the EPA
(hereafter referred to as the EPA reactivity scale).
Altshuller and Bufalini (9, 17) have reviewed the various
definitions of hydrocarbon reactivity and summarized results
of numerous studies up to 1970. The criteria used for evalu-
ating hydrocarbon reactivity include hydrocarbon con-
sumption, the conversion of nitric oxide to nitrogen dioxide,
ozone formation, aerosol formation, eye irritation, and plant
damage. It is generally agreed that the criteria most suitable
with respect to photochemical oxidant control strategies are

* * ozone dosage or maximurn ozone concentration (29). However,

establishing a definitive hydrocarbon reactivity scale to be
applied specifically to the control of ozone formation requires
an extensive and lengthy experimental program in which the
ozone-forming capability of each individual hydrocarbon is
determined under simulated atmospheric conditions, in-
cluding long-term irradiation (i.e., 12-14 h).

An alternative basis for assessing hydrocarbon reactivity,
which would appear to have considerable utility and a valid
experimental foundation, is the formulation of a reactivity
scale based on the rate of disappearance of hydrocarbons due
to reaction with the hydroxyl radical, the key intermediate
species in photochemical air pollution.

Results and Discussion

It is only in the last six years that the critical role of OH in
photochemical smog formation has been generally recognized
(37~40) and that appreciable rate constant data have become
available for the reaction of OH with several classes of hy-
drocarbons. The importance of OH as a reactive intermediate
relative to species such as O3, O(3P), and HO, has been shown
previously (39-41) through computer modeling of smog

- chamber data. For example, Niki et al, (39) showed that the

reactivity of a number of hydrocarbons, as measured by the
rate of conversion of NO to NOs, correlated significantly
better with OH rate constants than with either O(P) or O3
rate constants.

Table I. Comparison of Reactive Hydrocarbon
Inventory Levels for Fixed Sources Under Alternative
Reactivity Assumptions (from Ref. 32 Based on Pre-

1973 Data)
Reactive hydrocarbons, tons/day
Control Consistent ARB-

, Slrategy EPA LAAPCD Rand Corp.
1970 876.0 2283 636.3
1975 nominal 427.3 102.2 239.9
1975 maximal 2980.6 - 57.7 129.9

Reprinted from ENVIRONMENTAL SCIENCE& TECHNOLOGY, Vol. 10, Page 692, July, 1976
Copyright 1976 by the American Chemical Society an(7i (r)eprinted by permission of the copyright owner
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The utility of a large environmental chamber in obtaining
relative rate constants with an accuracy of +20% for the re-
action of the hydroxyl radical with a variety of hydrocarbons
was demonstrated in an earlier study in this laboratory (41).
This method has recently been extended to an investigation
of more than a dozen additional hydrocarbons, including seven
compounds for which OH rate constants are not currently
available. The detailed kinetic data derived from this inves-
tigation have been reported elsewhere (42). In these studies
we determined the relative rates of disappearance of selected
alkanes, alkenes, and aromatic hydrocarbons under simulated
atmospheric conditions of temperature, pressure, concen-

‘trations, light intensity, and other trace contaminants (NO,,

CO, hydrocarbons, water). These relative rate constants were
placed on an absolute basis using the published rate constants
for OH + n-butane. The assumption that OH was responsible
for the hydrocarbon disappearance under the experimental
conditions employed (41) was subsequently supported by the
very good agreemerit between OH rate constants determined
for the individual compounds using flash photolysis-reso-
nance fluorescence techniques (43, 44) and those obtained in
the initial chamber study (41). The general validity of the
chamber method for obtaining OH rate constants is illustrated
in Figure 1 where the good correspondence between chamber
values (41, 42) and the available literature values [(45) and
references in Table IV] is shown graphically.

The importance of the chamber method for the purposes
of formulating a reactivity scale is the simultaneous deter-
mination of valid rate constants for reactions of OH with a
large number and wide variety of atmospherically important
hydrocarbons. This substantially expands the number of
compounds which can be incorporated, now and in the near
future, in the resulting reactivity scale. In this regard we are
currently extending (46) the chamber method to the deter-
mination of rate constants for reactions of OH with natural
hydrocarbons, such as terpenes, and solvent hydrocarbons,
such as ketones and chloroethenes, for which no data currently
exist. Preliminary kinetic data (46) for selected natural hy-
drocarbons and ketones are included in our proposed reac-
tivity scale.

Use of OH Rate Constants as a Reactivity Index. From
the successful correlation of OH rate constants with the rates
of hydrocarbon disappearance observed in our chamber
simulations, we conclude that, to a good approximation, this

T T T T
25 T T T i

RELATIVE RATES OF HYDROCARBON
DISAPPEARANCE IN CHAMBER EXPERIMENTS

127 i L 1 1 I 1
| 5 iC i5 20 2% 30 35 40

PUBLISHED RATE CONSTANTS { L moi~! sec™! x 1079}

Figure 1. Comparison of relative rates of hydrocarbon disappearance
determined by environmental chamber method (refs. 47 and 42) with
selected published rate constants (cited in Table 1V) for reaction of those
hydrocarbons with OH radicals

Line shown represents one to one correspondence and has slope of (1/1.8) X

10% mol s 1.7'. Compounds shown are: 1, rebutane; 2, isopentane; 3, toluene;

4, 2-methylpentane; 5, n-hexane; 6, ethene; 7, 3-methylpentane; 8, p-xylene;

9, o-xylene; 10-11, m-xylene; 12, 1,2,3-trimathylbenzene; 13, propene; 14,
1,2,4-trimethylbenzene; 15, 1,3,5-trimethylbenzene; 16, cis-2-butene
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Table IL. Effect of 0.1 PPM Ozone on Calculated
Lifetimes of Selected Alkenes Based on Reaction with
OH Radicals (1 X 107 Radicals/cm?) 2 at 300 K

OH rate constants, ¥ Hait-iite © gor Half-lite ¢ gor

Alkens I mot—1g~1 [03] = 0, h [03] = 0.1 ppm, h
Ethene 3.8 X 10° 3.0 28
Propene 1.5 X 1010 0.76 0.67
cis-2- 3.2 X 10 0.36 0.20

Butene
1,3-Buta- 4.6 X 10" 0.25 0.24
diene :

2 Concentration used in these calculations—see text. © See references in
Table IV. €tz = 0.693/kon[OH] under the assumption of attack only by
OH. 9 t1,2 = 0.693/(kon[OR] + ko,[0s]): ko, taken from refs. 45 and 59.

correlation can be extrgpolated to the atmosphere for alkenes

.in ambient air parcels during the early morning hours when

ozone levels are generally quite low (<0.05 ppm), and for al-
kanes and aromatics at essentially all times and locations. The
latter assumption, namely, that an OH rate constant is a good
“reactivity index” for alkanes and aromatics throughout an
irradiation day (or multiple irradiation days), rests upon the
fact that the rates of reaction of these classes of hydrocarbons
with species such as ozone, O(3P) atoms, and hydroperoxyl
radicals are several orders of magnitude slower than with OH
(45, 47-49). For example, even at the highest ozone concen-
trations experienced in ambient atmospheres, Oz will not
contribute significantly to the photooxidation of alkanes and
aromatics,

This is in contrast to the case for alkenes which, although
the rate constants for reaction of O3 with alkenes are not
particularly large (45), react rapidly with ozone at the average
concentrations commonly encountered in polluted ambient
air (~0.1-0.2 ppm). The approximate magnitude of the effect
of ozone on the atmospheric lifetimes of alkenes is given in
Table II. From their OH rate constants (see Table 1V), at-
mospheric lifetimes for four alkenes were obtained by as-
suming an OH radical concentration in polluted atmospheres
of 107 radicals cmi—3, which is a reasonable value on the basis
of both model calculations (50) and recent atmospheric
measurements (51-53). The half-life given in column 3 of
Table II is defined as t1/2 = 0.693/k(0OH), and assumes de-
pletion of the hydrocarbon solely by the hydroxyl radical.
When one assumes an average concentration of 0.10 ppm of
O3, the more reactive alkenes show considerably shorter
half-lives {column 4). For example, the lifetime of cis-2-butene
in the atmosphere is 0.36 h assuming only reaction with OH,
but this is reduced to 0.20 h when reaction with O3 at a con-
centration of 0.1 ppm is considered.

Proposed Reactivity Scale. Under the assumption that
hydrocarbon depletion is due solely to attack by OH (with the
qualification noted for alkenes), we propose a five-class re-
activity scale based on hydrocarbon disappearance rates due
to reaction with OH. The ranges of reactivities for the five
proposed classes each span an order of magnitude in reactivity
relative to methane and are shown in Table III. The hydro-
carbon half-lives, as defined above, are also shown for each
reactivity range.

Hydroxyl radical rate constant data for a wide range of at-
mospheric hydrocarbons have been taken from the literature
as well as from our own studies and are compiled and ref-
ercnced in Table IV. The assignment of these compounds in
the various classes of our proposed reactivity scale is shown
in the last column of Table IV. For interest, carbon monoxide
is included in this table since, although it is not a hydrocarbon,
it is present in polluted urban atmospheres but is generally
regarded as being *‘unreactive” in ambient air. Thus, carbon
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monoxtde appears as being somewhat reactive in Class 11,

"which also includes ethane and acetylene. In our current

compilation of compounds, methane is the only compound
listed which appears in Class I, and 2-methyl- and 2,3-di-
methyl-2-butene and d-limonene are the only compounds in
Class V. Several of the higher alkenes and 1,3-butadiene ap-
pear at the upper end of Class IV, Data from our recent study
of monoterpene hydrocarbons (46) indicate that many of these
compounds will appear in Class V (54).

Comparison with Other Scales. The ranking of reac-
tivities for the aromatic hydrocarbons in our scale is essentially
the same as that obtained by Altshuller et al. (4) and by
Kopczynski (7, 17). Although our proposed scale is based
solely on hydrocarbon disappearance rates, Altshuller and
Bufalini (17) have shown that this measure of reactivity is very
stmilar to the one based on nitric oxide oxidation rates. They
showed that the ranking of reactivities of hydrocarbons from
the nitric oxide photooxidation studies of Altshuller and

Table 1ll. Reactivity Scale for Hydrocarbons Based on
Rate of Disappearance of Hydrocarbon Due to
Reaction with Hydroxyi Radicals

Clasa Halt-lita® Reactivity rel to methane (=1)
| >9.9 days » <10
I 24 h to 9.9 days 10-100
it 2.4-24h ‘ 100-1000
v 0.24-2.4h 1000-10 000
v <0.24 h >10 000

* t12 = 0.693/kon[OH].

Cohen (6) and Glasson and 'I'uesday (8) was essentially the
same as that obtained from the studies of hydrocarbon con-
sumption carried out by Schuck and Doyle (1), Stephens and
Scott (3), and Tuesday (5). We are currently investigating
methods of quantitatively relating hydrocarbon consumption
to nitric oxide oxidation and ozone formation, the parameter
of greatest interest in formulating control strategies for oxi-
dant reduction.

As indicated above, Rule 66 formulated by the LAAPCD
in 1966 represented the first hydrocarbon control measure
based on photochemical reactivity. Although this regulation
has been effective, results from recent studies (34-36) indicate
that the 4-6 h irradiations (25), from which assignments of
the degree of reactivity of hydrocarbons were made in for-
mulating Rule 66, did not give sufficient recognition to the
ozone-forming potential of slow reactors such as n-butane and
propane. Consequently, it is now realized that measures more
stringent than Rule 66 are necessary to achieve reductions in
ozone formation to levels approaching those mandated by the
U.S. Clean Air Act Amendments of 1970,

Recognition of such deficiencies in current hydrocarbon
control regulations has led to reexamination of present hy-
drocarbon reactivity classifications. The focus of these re-
evaluations has been the five-class reactivity scale (see Table
V) proposed by B. Dimitriades at the EPA Solvent Reactivity
Conference in 1974 (23). Significant changes have been sug-
gested for this reactivity classification by the California ARB
(29, 30), the LAAPCD (31), the EPA (55), and by industry. -
However, since no final conclusions have been reached by any
of these agencies at this time, we will restrict comparison of
our proposed scale to the 1974 EPA scale.

Tabie IV. Proposed Reactivity Classification of Hydrocarbons and CO Based on Reaction with Hydroxyl Radicals

Compound kow + Cpd (1. mol~1 g—1) 3¢ 199
Methane 0.0048
co 0.084
Acetylene 0.1
Ethane : 0.16
Benzene 0.85
Propane 1.3
n-Butane 1.8
Isopentane 20
Methy! ethyl ketone . 2.1
2-Methylpentane 3.2
Toivene 3.6
n-Propylbenzene 3.7
Isopropylbenzene 3.7
Ethene : 3.8
n-Hexane 3.8
3-Methylpentane 43
Ethylbenzene 4.8
p-Xylene 7.45
p-Ethyltoluene 7.8
o-Ethyitoluene 8.2
o-Xylene 8.4
Methyl isobuty! ketone 9.2
m-Ethyltoluene 11.7
m-Xylene 14.1
1,2,3-Trimethylbenzene . 149
Propene 15.1
1,2,4-Trimethylbenzene 20
1,3,5-Trimethylbenzene 29.7
cis-2-Butene 323
B-Pinene 42
1,3-Butadiene 46.4
2-Methyl-2-butene 48
2,3-Dimethyl-2-butene 67
d-Limonene 90

Ret? Raactivity rel 1o meth Proposed class, see Table i
(60) 1 , I
(45) .18 : h
(45, 61, 66) 23 i
(62) : 33 ]
(43, 44) . 180 in
(63) 270 [}
(41,42 375 1]
(42) 420 ]
(46) 440 I
(42) 670 ]
(43, 44) 750 i
(42) : 770 in
(42) , 770 in
{42, 64-66) 790 It
(42 790 oo
(42 900 1]
{42) 1000 v
(41, 43) 1530 v
(42) 1625 v
(42) 1710 v
(41, 43) 1750 v
(46) 1920 ) Y
(42) 2420 v
(41, 43) 2920 v
(41, 43) ‘ 3100 v
{(67) ) 3150 \
(41, 43) 4170 v
(41, 43) 6190 v
(67) 6730 v
(46) 8750 v
(42) 9670 v-v
(68) 10 000 \
(69) 14 000 Vv
(46) 18 800 v

® Where more than one reference is cited, an average value is given for the rate constant.
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Table V. Proposed EPA Reactivity Classifiqalion of Organics (from Ref. 23, 1974)

Class 1, Cioss NI, Cilass i,
nonreactive reactive reactive

Class IV,
reactive

Class V,
reactive

C1-Cj paraffins Mono-tertiary- C44 paraffing

Acetylene atkyl benzenes Cycloparatfins
Benzene Cyclic ketones Styrene

Benzaldehyde Tertiary-alkyl n-Alkyl ketones
Acetone acetates Primary and secondary

Primary and secondary
alkyl benzenes

Dialkyl benzenes

Branched alkyl
ketones

Aliphatic olefins
a-Methyt styrene
Aliphatic aldehydes

Tri- and tetra-alkyl
benzenes

Methano! 2-Nitropropane alkyt acetates Primary and secondary Unsaturated ketones
Tertiary-alkyl ' N-methyl pyrrolidone alkyl alcohols Diacetone alcoho!
alcohols N, N-dimethyi Cell?solve acetate Ethers
Pheny! acetate acetamide Panl' a::y halogenated . Cellosolves
Methyl benzoate Partially halogenated paraffins oletins
Ethyt amines Partially ‘halogenated
Dimethy! formamide paraffins
Perhalogenated
hydrocarbons
Reactivity
rating: 1.0 3.5 6.5 9.7 143

Briefly, the EPA has proposed, on the basis of previous
experimental studies, that methane, ethane, acetylene, pro-
pane, and benzene are essentially nonreactive for typical
urban ambient hydrocarbon-NO, ratios (23) and these
compounds are placed in Class I on their scale. Three other
classes have been proposed for mobile source hydrocarbon
emissions (56)—Class III (C4 and higher alkanes), Class IV
(aromatics less benzene), and Class V (alkenes). When sta-
tionary source hydrocarbons, including solvents (Class II), are
added to the list, five classes are suggested as shown in Table
V.

The reactivity classification proposed here (Tables IIT and
IV) can be compared with that suggested by the EPA (Table
V). It is evident that several significant differences emerge:

» The Cy-Cs alkanes are given equal weighting in the EPA
scale, and all are designated unreactive, whereas our scale
clearly differentiates among the three compounds from
methane in Class I and ethane in Class II to the more reactive
propane in Class III.

* According to our proposed classification, benzene and
n-butane are of similar reactivity, whereas the EPA scale
places them in Class I and III, respectively.

» All the alkenes are placed in Class V of the EPA scale,
whereas our proposed scale shows a differentiation in reac-
tivity from ethene in Class III to 2,3-dimethyl-2-butene in
Class V.

¢ Our scale gives recognition to the high reactivity of nat-

ural hydrocarbons such as 3-pinene and d-limonene, placing

these in Class IV and V, respectively. The present published .

EPA scale does not give a classification for natural hydro-
carbons, although they could be loosely categorized as sub-
stituted alkenes in Class V.

In addition to noting these differences, some similarities
exist between the two scales. For example, our scale shows that
1,3-butadiene is highly reactive which is consistent with pre-
vious studies indicating it to be a facile precursor of eye irri-
tants (17) and highly effective in producing oxidant during
irradiation of HC-NO, mixtures (57). Also, methanol would
appeat in the low half of Class I in our scale based on a recent
determination of the rate constant for OH attack on methanol
(58). The value found was kon+cHzony/kon+coy = 0.63 at
298 K. This reduces to 5.3 X 1071. mol~! s~ based on koH+co)
= 8.4 X 107 1. mol~1 s~ (45). Hence, both our scale and the
EPA’s show methanol to be relatively unreactive.

It should be emphasized that the classification proposed
in our scale is not strictly applicable to compounds which
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undergo significant photodissociation in the atmosphere, for
example, aliphatic aldehydes. In such cases, the compound
will be more reactive than predicted from a scale based on
hydrocarbon depletion due solely to OH attack. However, our
proposed classification emphasizes that most compounds
react in polluted atmospheres and suggests that the Class I
scale be reserved only for the few compounds which have
half-lives greater than about 10 days.

Conclusion

Our proposed reactivity scale based on the depletion of
hydrocarbons by reaction with the OH radical has utility in
assessing hydrocarbon chemical behavior in polluted ambient
air. Since only those organic compounds which participate in
atmospheric reactions are of consequence in the chemical
transformations in ambient air, their relative reactivity toward
OH is a useful and directly measurable index of their potential
importance in the production of secondary pollutants.

. One advantage of the proposed scale is that, because it is
based on the individual rate constants for hydrocarbon reac-
tion with OH, any degree of gradation in reactivity may be
used to formulate any desired number of classes—from rela-
tively few to a large number of classes or even an ordered
ranking of compounds. A second strength of the present scale
is that it can be readily extended to include additional organic
compounds once their rate of reaction with OH is known. Fi-
nally, the proposed scale gives greater weight than previous
reactivity scales to the alkanes and a number of aromatic
hydrocarbons, which require a longer period of time to react
but can contribute significantly to ozone formation during
longer irradiation periods, e.g., during their transport down-
wind from urban centers—a phenomenon of increasing con-
cern to air pollution control agencies.
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DEVELOPMENT AND APPLICATION OF A HYDROCARBON REACTIVITY SCALE
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Abstract

Measurements of the relative rate constants for the reaction of the
hydroxyl radical (OH) with some 35 atmospherically important hydrocarbons have
been made in the SAPRC 6400 % glass irradiation chamber. These rate constants
were placed on an absolute basis using literature values for either n-butane
or isobutene and have been augmented with OH rate data obtained by elementary
reaction measurements and other appropriate data, such as that from photo-
oxidation studies, from which relative and absolute OH rate constants could be
calculated.

Utilizing these data, a reactivity scale for some 80 compounds, including
alkenes, alkanes, aromatics, oxygenates, and naturally occurring hydrocarbons,
has been formulated based on the removal of the hydrocarbons by reaction with
OH. The resulting scale is an ordering of the reactivities of the hydrocarbons
relative to methane. The scale can be divided into an arbitrary number of

classes for purposes of application to control strategies or comparison with
other reactivity scales.

Some comparisons of the present scale with proposed EPA and ARB reactivity-
scales are made, and the implications of the present scale for the role of
alkanes and a number of aromatic hydrocarbons in the formation of ozone in
regions downwind of urban centers is analyzed.
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DEVELOPMENT AND APPLICATION OF A HYDROCARBON REACTIVITY SCALE
BASED ON REACTION WITH THE HYDROXYL RADICAL

by

James N. Pitts, Jr., Alan C. Lloyd, Arthur M. Winer,
Karen R. Darnall and George J. Doyle

Introduction

A major result of the photooxidation studies of the past 20 yearsl"26 ha
been the recognition that atmospherically important hydrocarbons do not all
contribute equally to the production of photochemical oxidant, and hence that
the application of cost effective strategies for the control of hydrocarbons
requires that more stringent emissions reductions be applied to the more
reactive organic compounds.tV>-+>+7> This in turn has led to a continuing
requirement for a rational assessment of hydrocarbon reactivity as a basis for
control decisions. Such an assessment is particularly critical since attain-
ment of the Federal air quality standard for photochemical oxidant has been
sought largely through the stringent control of hydrocarbon emissions.27,28

s

The first effort to formulate and apply a practical hydrocarbon reactivity
scale was taken in 1966 with the implementation by the Los Angeles Air
Pollution Control District (LAAPCD) of a regulation, known as Rule 66, to limit
solvent organic emissions on the basis of their capacity for promoting photo-
chemical smog formation.10s11 Thig rule and other conceptions of reactivity
scales?9 represented a major advance in the application of the information then
available concerning the mechanisms of photochemical smog formation to the
development of practical air pollutant emission control strategies. Thus, the
basic concept of selective control of emissions based on their reactivity is
now widely established.

Not surprisingly however, there have been significant differences in
hydrocarbon reactivity scales 8r0203ed by local, regional, and national air
pollution control agencies?2:30-3%4 55 well as by industry.l6,18,23 This in
turn can lead to quite large differences in emission inventory estimates and in
approaches to hydrocarbon control.30’35’36

Most, although not all, previous reactivity classifications have relied
primarily on smog chamber data obtained for relatively short irradiation
(< 6 hrs) periods. Thus, the recent concern over oxidant formation resulting
from longer irradiations during pollutant transport to regions downwind of
urban sources introduces additional difficulties both in defining what consti-
tutes a reactive hydrocarbon and in categorizing degrees of reactivity. For
example, a compound such as propane, the major compoment in liquified petroleum
gas (LPG) and often cited as a "clean" fuel, is now known37-39 to contribute to
the formation of photochemical oxidants in the later stages of day-long
irradiation periods. However, on the basis of data obtained during short-term
irradiations, propane has been classified as "unreactive' in a reactivity scale
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proposed25 in 1974 by B. Dimitriades of the EPA (hereafter referred to as the
EPA reactivity scale).

A third difficulty with reactivity scales which are based on previous smog
chamber data concerns their reliance on measurements of smog manifestations
such as maximum ozone concentrations. Observed values of such secondary
properties of a photooxidation system can be significantly affected by the
particular chamber materials, light source, purity of matrix air, and other
aspects of the chamber methodology employed. This fact can account in large
measure for the significant number of discrepancies which arise from comparison
of the specific ranking of hydrocarbons in reactivity scales formulated on the
basis of different sets of chamber data.

Altshuller and Bufalinig’20 have reviewed the various definitions of hydro-
carbon reactivity and summarized results of numerous studies up to 1970. The
criteria used for evaluating hydrocarbon reactivity include hydrocarbon con-
sumption, the conversion of nitric oxide to nitrogen dioxide, ozone formationm,
aerosol formation, eye irritation and plant damage. It is generally agreed
that the criteria most suitable with respect to photochemical oxidant control
strategies are ozone dosage or maximum ozone concentration.30 However,
establishing a definitive hydrocarbon reactivity scale to be applied specifi-
cally to the control of ozone formation requires an extensive and lengthy
experimental program in which the ozone-forming capability of each individual
hydrocarbon is determined under simulated atmospheric conditions, including
long-term irradiation (i.e., 10-12 hrs).

An alternative, and perhaps supplementary, basis for assessing hydrocarbon
reactivity, which appears to have considerable utility and a valid experimental
foundation, is the formulation of a reactivity scale based on the rate of dis-
appearance of hydrocarbons due to their reaction with the hydroxyl radical, the
key intermediate species in photochemical air pollution.

Results and Discussion

It is only comparatively recently that the critical role of OH in photo-
chemical smog formation has been generally recognizedl‘()“'44 and that appreciable
rate constant data have become available for the reaction of OH with several
classes of hydrocarbons. The importance of OH as a reactive intermediat23_46
relative to species such as 03, 0(3P), and H02 has been shown previously
through computer modeling of smog chamber data. For example, Niki, Daby, and
Weinstock43 showed that the reactivity of a number of hydrocarbons, as measured
by the rate of conversion of NO to NO,, correlated significantly better with
OH rate constants than with either 0(§P) or 03 rate constants. H

- The utility of a large environmental chamber in obtaining relative rate
constants with an accuracy of *20% for the reaction of the hydroxyl radical
with a variety of hydrocarbons has been demonstrated in a number of recent
studies both in this#5-48 and other 1aboratories.49_ To date we have measured
relative rates for the reaction of OH with some 35 organic compounds. The
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detailed kinetic data derived from these investigations have been reported
elsewhere.%9=48 15 these studies we determined the relative rates of dis-
appearance of selected alkanes, alkenes and aromatic hydrocarbons under simu-
lated atmospheric conditions of temperature, pressure, concentrations, light
intensity and other trace contaminants (NO,, CO, hydrocarbons, water). These
relative rate constants were placed on an absolute basis using the published
rate constants for OH + m-butane or isobutene. The assumption that OH was
responsible for the hydrocarbon disappearance under the experimental conditions
employed was subsequently supported by the very good agreement between OH rate
constants determined for the individual compounds using flash photolysis-—
resonance fluorescence techniquesSO’Sl and those obtained in our initial
chamber experiments.” >

The importance of the chamber method for the purposes of formulating a
reactivity scale is that it permits the simultaneous determination of valid
rate constants for reactions of OH with a large number and wide variety of
atmospherically important hydrocarbons. This substantially expands the number
of compounds which can be incorporated, now and in the near future, in the
resulting reactivity scale.

Use of OH Rate Constants as a Reactivity Index

From the successful correlation of OH rate constants with the rates of
hydrocarbon disappearance observed in chamber simulations at the SAPRC45-48
and Ford%9 1aboratories we conclude that, to a good approximation, this
correlation can be extrapolated to the atmosphere (a) for alkenes in ambient
air parcels during the early morning hours when ozone levels are generally
quite low (<0.05 ppm), and (b) for alkanes and aromatics at essentially all
times and locations. The latter assumption, namely that an OH rate constant is
a good "reactivity index" for alkanes and aromatics throughout an irradiation
day (or multiple irradiation days) rests upon the fact that the rates of
reaction of these classes of hydrocarbons with species such as ozone, o(3p)
atoms and the hydroperoxyl radical are several orders of magnitude slower than
with OH.8:32-54" por example, even at the highest ozone concentrations
experienced in ambient atmospheres, O3 will not contribute significantly to the
photooxidation of alkanes and aromatics. This is in contrast to the case for
alkenes which, although the rate constants for reaction of O3 with alkenes are
not particularly large,55"57 react rapidly with ozone at the average concen-
trations commonly encountered in polluted ambient air (~0.1-0.2 ppm) .

Proposed Reactivity Scale

Under the assumption that hydrocarbon depletion is due solely to attack by
OH (with the qualification noted for alkenes), we propose a five-class reac-
tivity scale based on hydrocarbon disappearance rates due to reaction with OH.
The ranges of reactivities for the five proposed classes each span an order of
magnitude in reactivity relative to methane and are shown in Table I. Although
a scale based on OH rate constants can be divided into an arbitrary number of
classes, we have found it convenient and useful (particularly for purposes of
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comparison with other scales) to employ the order of magnitude divisions which
lead to a five-class scale.

The hydrocarbon half-lives (defined as tj/p = 0.693/k[OH]) corresponding
to each class are also shown in Table I. These half-lives were calculated
assuming depletion of the hydrocarbon solely due to reaction with the hydroxyl
radical, and assuming an OH radical concentration in polluted atmospheres of
107 radicals Cm73, a reasonable value on the basis of both model calculations?

and recent atmospheric measurements.-”’”

Table II shows the compounds, for which OH rate constants have been found
or calculated, distributed among the five classes of our proposed reactivity
scale in the order of increasing rates of reaction within each class.
Employing OH rate constants obtained from hydrocarbon disappearance rates
measured in photooxidation studies »63 a5 well as those from elementary rate
determinations and our chamber studies, has permitted tabulation of OH rate
constant data for 80 hydrocarbons. These 80 hydrocarbons are incorporated in

Table II.

For interest, carbon monoxide although not a hydrocarbon, is included in
Table II, since it is present in polluted urban atmospheres. Although CO is
generally regarded as being "unreactive' in ambient air, in our scale it
appears in Class II, which also includes ethane and acetylene.

In our current compilation of compounds, methane is the only compound
listed which appears in Class I, although the recent work of Chameides and
Stedman has shown that even methane will react given sufficient time. 4 Most
of the straight chain alkenmes appear in Class IV with the substituted alkenes
occurring in the upper half of Class IV and in Class V. The alcohols fall into
Class III while the monoterpene hydrocarbons are highly reactive and most of
them appear in Class V with o- and B-pinene occurring in the upper half of
Class IV. The reactivity classification shown in Table II is similar to an
earlier one we have formulated,65 but many more compounds have now been

included.

Comparison with Other Scales

The ranking of reactivities for the aromatic hydrocarbons in our scale
is essentially the same as that obtained by Altshuller et al.4 and by
Kopczynski.7’ 6 Although our proposed scale_is based solely on hydrocarbon
disappearance rates, Altshuller and Bufalini?® have shown that this measure of
reactivity is very similar to the one based on nitric oxide oxidation rates.
They showed that the ranking of reactivities of hydrocarbons from the nitric
oxide photooxidation studies of Altshuller and Cohen® and Glasson and Tuesday8
was essentially the same as that obtained from the studies of hydrocarbon cop-
sumption carried out by Schuck and Doyle,2 Stephens' and Scott,3 and Tuesday.

As indicated above, Rule 66 formulated by the LAAPCD in 1966 represented
the first hydrocarbon control measure based on photochemical reactivity.
Although this and similar regulations have been effective, results from recent
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studies:”—39 indicate that they give insufficient recognition to the ozone-

forming potential of slow reactors, such as n-butane and propane under long-
term irradiation conditions. Consequently, it is now realized that measures
more stringent than Rule 66 are necessary to achieve reductions in ozone
formation to levels approaching those mandated by the U. S. Clean Air Act
Amendments of 1970.

Recognition of such deficiencies in current hydrocarbon control regulations
has led to re-examination of present hydrocarbon reactivity classifications.
The focus of these re-evaluations has been the five-class reactivity scale (see
Table III) proposed by B. Dimitriades at the EPA Solvent Reactivity Conference
in 1974.2 Significant changes have been suggested for this reactivity classi-
fication by the California ARB,30-33 the LAAPCD, 34 the EPA,67 and by industry.
The EPA is currently examining this question and since no final conclusions
have been reached at this time, we will restrict comparison of our proposed
scale to the scale proposed in 1974 by Dimitriades of the EPA. 1In addition, we
will discuss our proposed scale in the context of the three-class system
recently approved32 by the ARB for application to hydrocarbon pollutant inven-
tories and for planning future control strategies.

Briefly, the EPA has proposed, on the basis of previous experimental
studies, that methane, ethane, acetylene, propane, and benzene are essentially
non-reactive for typical urban ambient hydrocarbon-NO, ratios2? and these
compounds are placed in Class I on their scale. Three other classes have been
proposed for mobile source hydrocarbon emissions®8--Class III (C4 and higher
alkanes), Class IV (aromatics less benzene) and Class V (alkenes). When
stationary source hydrocarbons, including solvents (Class I1), are added to the
list, five classes are suggested as shown in Table III.

The reactivity classification proposed here (Tables I, II) can be compared

~with that suggested by the EPA (Table ITI). It is evident that several signifi-

cant differences emerge:

(1) The C1-C3 alkanes are given equal weighting in the EPA scale and all
are designated unreactive, while our scale clearly differentiates
between the three compounds methane, ethane, and propane in Classes
I, II, and III, respectively.

(2) According to our proposed classification, benzene and n-butane are of
similar reactivity, while the EPA scale places them in . Class I and
ITI, respectlvely

(3) All the alkenes are placed in Class V of the EPA scale, while our
preposed scale shows a differentiation in reactivity from ethene in
Class III to 2,3-dimethyl-2Z-butene in Class V.

(4) Our scale gives recognition to the high reactivity of natural hydro-
carbons such as the pinenes and d-limonene, placing these in Class IV
‘and V, respectively. The present published EPA scale does not give a -
classification for natural hydrocarbons, although they could be
loosely categorized as substituted alkenes in Class V.
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f In addition to noting these differences, some similarities exist between

! the two scales. For example, our scale shows that 1,3-butadiene is highly
reactive which is consistent with previous studies indicating it to be a facile
precursor of eye irritants?0 and highly effective in producing oxidant during
irradiation of HC-NO, mixtures.l Both our scale and the EPA's show methanol to
be relatively unreactive, with a greater reactivity exhibited by the higher
alcohols, although our scale predicts a lower overall reactivity than that of
the EPA,

FLaTra iy

R

The three-class system recently approved by the ARB is shown in Table IV
and is similar to one being considered by the EPA.30 According to the ARB,

"Class I would include low reactivity organic compounds yielding
little, if any, ozone under urban conditions. Class II would
consist of moderately reactive organic compounds which give an
intermediate yield of ozone within the first day of solar
irradiation. Class III would be limited to highly reactive

‘ organic compounds which give very high yields of ozone within

- a few hours of irradiation."

; In general, the three-class ARB scale is in line with the scale presented
here, based on OH rate constants, with only minor exceptions. For example,
the ARB scale shows the primary and secondary Cy4 alcohols to be highly
reactive in Class III, while our scale shows them to be of moderate reactivity.

Finally, we wish to note two limitations of the reactivity scale proposed
here. One limitation of our scale is that it is not strictly applicable to
.% compounds which undergo significant photodissociation in the atmosphere, and
aldehydes have been omitted for this reason. In such cases, the compound will
‘ be more reactive than predicted from a scale based on hydrocarbon depletion due
. solely to reaction with OH. A second limitation in the application of our
1 ‘ scale concerns the inherent problem arising from uncertainties in the identity
and fates of subsequent products.

Conclusion -

Our proposed reactivity scale based on the depletion of hydrocarbons by
reaction with the OH radical has utility in assessing hydrocarbon chemical
behavior in polluted ambient air. Since only those organic compounds which
participate in atmospheric reactions are of consequence in the chemical trans-
formations in ambient air, their relative reactivity towards OH is a useful
and directly measurable index of their potential importance in the production
of secondary pollutants.
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One advantage of the proposed scale is that, because it is based on the
individual rate constants for hydrocarbon reaction with OH, any degree of
gradation in reactivity may be used to formulate any desired number of classes--
from relatively few to a large number of classes or even an ordered ranking of
compounds. A second strength of the present scale is that it can be readily
extended to include additional organic compounds once their rate of reaction
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with OH is known. Finally, the proposed scale gives adequate weight to alkanes
and a number of aromatic hydrocarbons which require a significant period of
time to react but can contribute substantially to ozone formation during longer
irradiation periods, e.g., during their transport downwind from urban centers——
a phenomenon of increasing concern to air pollution control agencies.
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Rzactivity Scale fcr Hydrocarbons Based on Rate of Disappearance

of the Eydrocarbon due to Reaction with the Hydroxyl Radical

Reactivity Relative

Class Half-life? (days) to Methane (= 1)
I 2 10 <10
1T 1-10 10 - 100
I11 0.1 -1 160 - 1000
v 0.01 - 0.1 1000 - 10,000
v < 0.01 > 10,000
a radicals cm 5.

ti/p = 0'693/k0H[0H]f [0H] is assumed to be 10’
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Table IV. California Air Resources Board (ARB) Reactivity Classification
of Organic Compounds32
Class 1L Class 11 Class III

(Low Reactivity

(Moderate Reactivity)

(High Reactivity)

Cl—C2 Paraffins
Acetvlene

Banzane
Benzaldehyde
Aceltone

Methanol

Tert—-alkyl alcohols
Phenyl acetate
Methyl benzoate
Ethyl Amines
Dimethyl fcrzmamide

Perhalogenated
Hydrocarbons

Partially halogenated
paraffins

Phthalic Anhydrida**
Phthalic Acids®#*
Acetonitrile*

Acetic Acid
Aromatic Amines
Hydroxyl Amines
Naphthalene*
Chlorobenzenes*
Nitrobenzenes*

Phenol*

Mono~tert-alkyl-benzenes
Cyclic Ketones

Alkyl acetates
ZJNitropropane

C3+ Paraffins
Cycloparaffins

n-alkyl Ketones
N-Methyl pyrrolidone
N,N-dimethyl acetamide
Alkyl Phenols*

Mathyl phthalates*#

All other aromatic hydro-
carbons

A1l Olefinic hydrocarbons
(including partially halo-
genated)

Aliphatic aldehydes
Branched alkyl Ketones
Cellosolve acetate
Unsaturated Ketones
Primary & Secondary
C2+ alcohols

Diacetone alcohol
Ethers

Cellosolves

Glycols#*

C2+ Alkyl phthalates*%*
Other Esters¥**

Alcohol Amines#*#

C Organic acids + di acid**

3+
C3+ di acid anhydrides**

Formin#**
(Hexa methylene~tetramine)

Terpenic hydrocarbons

Olefin oxides®*

%*Reactivity data are either non-existent or inconclusive, but conclusive data

from similar compounds are available; therefore, rating is uncertain but

reasonable.

**Reactivity data are uncertain.
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~ RELATIVE RATE CONSTANTS FOR THE REACTIONS OF OH RADICALS
WITH ISOPROPYL ALCOHOL, DIETHYL AND DI-#-PROPYL ETHER AT 305 + 2 K

Alan C. LLOYD, Karen R. DARNALL, Arthur M. WINER and James N. PITTS Jr.
Statewide Air Pollution Research Center, University of California,

Riverside, California 92502, USA

Received 27 April 197§

Relative rate constants have been obtained for the reaction of the hydroxyl radical (OH) with isopropy! alcohol and
diethy! and di-n-propyl ether in environmental chamber photooxidation studies employing hydrocarbon—-NO, mixtures in
air at 1 atmosphere and 305 + 2 K. These results were obtained from measurements of the relative rates of disappearance of
these compounds on the previously validated basis that OH radicals are dominantly responsible for their disappearance in
the initial stages of reaction under the experimental conditions employed. Absolute rate constants, obtained by using the
published rate constant for OH + isobutcne of 3.05 X 1010 ¢ mole™! s~! are (k X 1079 2 mole~! s1): isopropyl alcohol,

4.3 + 1.3; diethyl ether, 5.6 + 1.1; and di-n-propyl ether, 10.4 + 2.1. No previous determinations of these rate constants have

been reported.

1. Introduction

The hydroxyl radical plays a fundamental role in
chemical transformations in photochemical air pollu-
tion [1-7]. With the realization of the importance of
OH has come an extensive experimental effort to
determine rate constants for the reaction of OH with a
large number of organic compounds. These studies
have been documented in recent reviews [7) and in a
critical compilation [8].

To date, however, comparatively few data have been
obtained for the gas phase reactions of OH with oxy-
genated hydrocarbons [9—11]. In this work, rate con-
stants are reported for the reaction of OH with three
ingredients of commercial solvents [12,13] — iso-
propyl alcohol and diethyl and di-n-propyl ether.

Such data are of fundamental importance in assessing
the role of these oxygenated hydrocarbons in atmos-
pheric chemistry, particularly since, as controls on

- automobiles reduce the contribution of hydrocarbons

from mobile sources, emissions of such oxygenates
from stationary sources become increasingly of
greater concern.

92

2. Experimental

The technique used to determine relative OH rate
constants in this study has been previously employed
to obtain kinetic data for reactions of OH with alkanes
[14,15], alkenes [11,15], ketones [11], aromatics
[14,15], and halogenated [11,16] and natural hydro- -
carbons [11]. Briefly, irradiations of the hydrocarbon—
NO, —air system were carried out in a Pyrex chamber
of approximately 6400-liter volume at a light intensity,
measured as the rate of NO, photolysis in nitrogen
(k1), of 0.4 min~1. All gaseous reactants were injected
into pure matrix air [17] in the chamber using 100-ml
precision bore syringes. Liquid reactants were injected
with micropipettes. During irradiation, the chamber
temperature was maintained at 305 + 2 K,

The alcohol and ether concentrations were: monitored
with gas chromatography (FID), using a 5-ft. X 1/8-in.
stainless steel column packed with Poropak Q (80—

100 mesh), operated at 393 and 423 K, respectively.
Ozone was monitored by means of ultraviolet absorp-
tion; CO, by gas chromatography; and NO-NO,-NO,,
by the chemiluminescent reaction of NO with ozone.
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The initial concentrations of reactant were isopro-
pvl alcohol, 60 ppb (1 ppb in air =4.0 X 10~11 mole
liter =1 at 305 K and 1 atmosphere); diethyl ether,

20 ppb: and di-n-propyl ethet, 55 ppb, In addition to
these compounds, traces of several alkanes, alkenes
and oxygenates were present [11,15]. Initial concen-
trations in these experiments were 800—1500 ppbC

of total non-methane hydrocarbons, 0.60 ppm of NO,
(with an NO,/NO, ratio of 0.03—0.08), 6 ppm of CO,

~ and 3000 ppb of methane, together with warer vapor

at 50% relative humidity. Replicate 3-hour irradiations
were carried out with continuous analysis of inorganic
species, analysis of hydrocarbons every 15 minutes,
and analysis of 1sopropyl alcohol and the ethers every
30 minutes.

All data were corrected for losses due to sampling
from the chamber by subtraction of the average dilu-
tion rate (1.2—1.6% per hour) from the observed
hydrocarbon disappearance rate. The HC/NO, and
NO/NO, ratios were chosen to delay the formation
of ozone, and ozone was not detected during the irra-
diation period [11,14].

As discussed in detail previously [11,15], the
major sources of OH in our experimental system are
probably the photolysis of HONO and the reaction of
HO, with NO [5,6,18,19];

NO +NO, +H,0 =2 HONO, (1)
HO, + NO, - HONO + 0, , | @)
HONO + /v (290—410 nm) > OH + NO, (3)
HO, + NO - OH + NO,. C))

The first reaction is thought to occur relatively slowly
homogeneously {20,21], but its rate is probably sig-
nificantly faster when the reaction is catalyzed by
surfaces. Thus, nitrous acid has been observed in a
chamber study of simulated atmospheres carried out
in our laboratory [22], while direct evidence for
formation of OH radicals in an environmental chamber
has been provided recently by Niki, Weinstock and
co-workers [23,24].

The concentration of OH radicals present during
these irradiation experiments was calculated to range
from 1.4 to 3.5 X 106 radicals cm‘3 depending upon
the conditions of the specific experiment. The calcula-
tions employed the observed rates of isobutene dis-
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appearance {corrected for dilution) and the previously
determined rate constant for OH + isobutene [25].
These concentrations are the same order as those cal-
culated [18,26,27] and observed directly [23,24,28,
29] by other workers.

3. Results and discussion

Typical rates of disappearance observed during the
irradiations of isopropy! alcohol and of the two ethers
are shown in figs. 1 and 2, respectively. Isobutene was
used as the reference compound and is included in the
figures. From these pseudo-first-order rates of dis-
appearance of the hydrocarbons, rate constants re-
lative to that of isobutene were obtained for the re-
action of the PH radical with isopropyl alcohol and
diethyl and di-n-propyl ether. These were placed on
an absolute basis, using a value of 3.05X 1010 ¢
mole~1 s=! for the reaction of OH with isobutene [25].
These results are presented in table 1.

There are no rate constants currently available for
the reaction of OH radicals with ethers. Assuming that
hydrogen abstraction is the major reaction pathway,
one would expect these rate constants to be larger than

loN\;
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HOURS OF IRRADIATION
Fig. 1. Concentrations of isopropy! alcohol and isobutene
(plotted on a logarithmic scale) during photolysis of HC— NO,
mixture in air at 305 + 2 K and 1 atm.
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T T T

50[—- -
DIETHYL ETHER

- . —

o -

20k DI-n-PROPYL ETHER|

ISOBUTENE

(orbitrary units)

OBSERVED CONCENTRATION
S

o] Q.5 1.0 1.5 2.0 2.5
HOURS OF IRRADIATION

Fig. 2. Concentrations of diethyl and di-n-propyl ether and
isobutene (plotted on a logarithmic scale) during photolysis
of HC—-NO, mixture in air at 305 + 2K and 1 atm.

those for the corresponding alkane, since the C—H
bond strengths in the ethers are at least several kilo-
calories weaker [30}. Thus, our rate constants ( at
305-K) for diethy! and di-n-propyl ethers of 5.6 and
10.4 X 102 2 mole—! s—1, respectively, compare with
values for the corresponding alkanes, n-butane and
n-hexane (at 298 K) of 1,6 and 2.9 X 109 £ mole~!
s~1, respectively, calculated from the formula of

* Greiner [31].

Two recent measurements of the rate constants for
the gas phase reaction of OH radicals with alcohols

Table 1
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have been reported. Osif et al. {9] obtained a valuc of
5.3 X 107 ¢ mole~! s~1 for OH + methanol using a
value of 8.4 X 107 ¢ mole~! s=! for OH reaction with
CO [8]. Recently, Campbell et al. [10] have carried out
studies of the reaction of OH with a series of alcohols—-
methanol, ethanol, 1-propanol and 1-butanol. Qur value
for OH + isopropy! alcohol of (4.3 % 1.3) X 10% 2 mole~!
s~1 at 305 K is consistent with the value of (2.3  0.2)
X 1092 mole—! s—!reported for 1-propanol by Campbell
et ai. [10] at 292 K.

' Although, as mentioned, no literature data are avail-
able for the reaction of OH with ethers, it is interesting
to examine the data for solvent photooxidations ob-
tained by Laity et al. [32] in chamber studies. These
workers irradiated separate solvent—NO, —air mix-
tures in a stainless steel chamber at 305 K and re-
ported the maximum rate of hydrocarbon disappear-
ance observed in these experiments relative to toluene.
If this disappearance is assumed to be predominantly
due to attack by OH, then absolute rate constants

may be derived from these data, using a value of 3.6

X 109 2 mole~! s~! for the reaction of OH + toluene
[33,34]. Values for OH + isopropyl alcohol and OH +
diethyl ether are 3.1 X 109 and 5.4 X 10° € mole~!
s~1, respectively, compared to our results of 4.3 and
5.6 X 109 2 mole—! s~1. Considering the differences

in experimental methods and apparatus, as well as the
uncertainties involved in such an interpretation of

the data of Laity et al. [32], the agreement obtained
for isopropyl alcohol and diethyl ether is quite satis-
factory. Similar treatment of their chamber data for
other compounds for which the OH rate constants

are known yields results [35] in fair agreement with
literature values.

Relative and absolute rate constants for the reaction of OH wnth selected hydrocarbons

Compound Relative rate of k(@ mote™! 57! x 107%)
disappearance this work 3 literature

isobutene 1 30.5

isopropyl alcohol 0.14 4.3 3.1b)

diethyl ether 0.185 5.6 5.4b)

dl-n-propyl ether 0.34 104

a) Using a hterature value of 3.05 x 10'® @ mole™! 57! for OH + isobutene [25].
b) Using the data of Laity et al. [32] and attributing the HC loss solely to reaction with OH; results placed on an absolute basis
using a value of 3.6 X 10%2 mole™! s~! for OH + toluene (see text).
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The atmospheric half lives, tya = 0.693/kOH +RH
X [OH], for isopropyl alcohol and diethy! and di-n-
propyl ether are calculated to be 5.4,4.1 and 2.2
hours, respectiveiy, using an ambient OH concentra-
tion of 5 X 106 radicals cm=3 [18,23,24,26-29] and
our rate constants. Thus, these compounds react with
OH at rates similar to ethene, C¢ — C; alkanes, and
mono-alkyl substituted benzenes [36] . The relative
importance of alcohols, ethers and other oxygenated
hydrocarbons in photochemical smog formation are
discussed in detail elsewhere [35-37].
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RELATIVE RATE CONSTANTS FOR THE REACTION OF OH RADICALS
WITH SELECTED C¢ AND C; ALKANES AND ALKENES AT 305+ 2K
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Measurements of the rates of disappearance of three alkenes and two alkanes relative to isobuténe in environmental
chamber photooxidation studies employing hydrocarbon~NO, mixtures in air at 1 atmosphere have been used to obtain
relative rate constants for the reaction of these compounds with the hydroxyl radical. Absolute rate constants at 305
* 2 K obtained using a published rate constant for OH + isobutene of 3.05 X 10'° ¢ mole—! s~ are (kX 10~7 ¢ mole™!

) cyclohexene, 47 £ 9; 1-methylcyclohexene, 58 + 12; 1-heptene, 22 + 5; 2, 3-dimethylbutane, 3.1 £ 0.5; 2,2, 3-tri-
methylbutane 2.3 = 0.5. No previous determinations of OH rate constants have been reported for 1-heptenc and 1-methyl-
cyclohexene. For the remaining compounds these results are shown to be in good agreement with literature values reported

for elementary, or relative rate constant determinations,

1. Introduction

Recently, we have reported rate constant determina-
tions for the reaction of OH with alkanes [1, 2], al-
kenes [2, 3], aromatic hydrocarbons [1,2], mono-
terpene hydrocarbons [3], halogenated hydrocarbons
[3,4], ketones [3], and ethers and isopropyl alcohol
[5]. These rate constants were obtained by measuring
the relative rates of disappearance of hydrocarbons in
a hydrocarbon—NO, mixture in air at 1 atmosphere
and at 305 + 2 K. Absolute rate constants were ob-
tained [1-3,5] by using literature values for OH + n-
butane and/or isobutene, at least one of which was
employed as a reference compound in each study.

A similar technique has recently been employed by
Niki and co-workers {6]. Results obtained from these
relative rate studies have uniformly been in very good
agreement with literature values reported for elemen-
tary rate constant determinations [7].

Here we report rate constant data at 305 + 2 K for
the reaction of OH with 1-heptene, 1-methylcyclo-
hexene, cyclohexene, and two substituted alkanes —
2, 3-dimethylbutane and 2, 2, 3-trimethylbutane.
These long-chain alkanes and cyclic alkenes have been
suggested to play a major role in the formation of the
organic portion of aerosols found in polluted ambient
air [8,9].
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2. Experimental

The experimental technique used to determine rela-
tive OH rate constants in this study has been described
in detail previously [1—3]. Briefly, irradiations of the
hydrocarbonéNOX-air system were carried out in a
Pyrex chamber of approximately 6400-iter volume at
a light intensity, measured as the rate of NO, photo-
lysis in nitrogen (%, ), of 0.4 min—1. During irradiation,
the chamber temperature was maintained at 305 + 2 K.

The alkane and alkene concentrations were moni-
tored with gas chromatography (FID), using a
5' X 1/8" SS of Poropak Q (80-100 mesh) column and
a 36 X 1/8" SS column of 10% dimethylsulfolane on
AW C-22 Firebrick (60-80 mesh) followed by
18" X 1/8" SS column of 10% Carbowax 600, operated
at 433 and 273 K, respectively. Ozone was monitored
by means of ultraviolet absorption; CO by gas chro-
matography, and NO—NO,—NO,, by the chemilumines-
cent reaction of NO with ozone.

The initial concentrations of reactants were 2, 3-
dimethylbutane, 7 ppb (1 ppb in air =4.0 X 10~11
mole liter—! at 305 K and 1 atmosphere); 2,2, 3-tri-
methylbutane, 14 ppb; cyclohexene, 10 ppb; 1 me-
thylcyclohexene, 21 ppb, and 1-heptene, 14 ppb. In
addition to these compounds, traces of several alkanes,
alkenes, and oxygenates were present [2,3]. Initial
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concentrations in these experiments were 700—~800
ppbC of total non-methane hydrocarbons, 0.61 ppm
of NO, (with an NO,/NO, ratio of 0.04—0.05),

6 ppm of CO, and 2900 ppb of methane, together
with water vapor at 50% relative humidity. Replicate
three-hour irradiations were carried out with contin-
uous analysis of inorganic species and analysis of
hydrocarbons every 30 minutes.

All data were corrected for losses due to sampling
from the chamber by subtraction of the average dilu-
tion rate (1.6% per hour) from the observed hydrocar-
bon disappearance rate. The HC/NO, and NO/NO,
ratios were chosen to delay the formation of ozone,
and ozone was not detected during the irradiation pe-
riod [1, 3].

As discussed in detail previously [2, 3], the major
sources of OH in our experimental system are probably
the photolysis of HONO and the reaction of HO, with
NO [10-13]:

NO + NO, + H,0 =2 HONO, )
HONO + hv (290—410 nm) - OH + NO, )]

The first reaction is thought to occur relatively slowly
homogeneously [14-16], but its rate is probably sig-
nificantly faster when the reaction is catalyzed by sur-
faces. Thus, nitrous acid has been observed in a cham-
ber study of simulated atmospheres carried out in our
laboratory [17], while direct evidence for formation
of OH radicals in an environmental chamber has been
provided recently by Niki, Weinstock and co-workers
[6,18,19]. The reaction of HO, with NO, has also
been proposed as a source

HO, + NO, - HONO +0, )

of nitrous acid {20, 21], but recent results [22,23]
suggest that peroxynitric acid is the major product of
reaction (4).

HO, + NO, - HO,NO, - Q)

The peroxynitric acid may decompose back to HO,
and NO,, or possibly give HONO, but this is currently
uncertain [22,23].

The concentration of OH radicals present during
these irradiation experiments was calculated to range
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from (2.5-5.0) X 106 radicals cm=3 depending upon
the conditions of the specific experiment. The calcula-
tions of OH concentrations employed the observed
rates of isobutene disappearance (corrected for dilu-
tion) and the previously determined rate constant for
OH + isobutene [24]. These concentrations are the
same order as those calculated [12,25,26] and ob-
served directly [18,27,28] by other workers.

3. Results and discussion

Isobutene was used as the reference compound in
this series of experiments. From the pseudo-first-order
rates of disappearance of the hydrocarbons, rate con-
stants relative to that of isobutene were obtained for
the reaction of the OH radical with 2, 3-dimethylbu-
tane, 2, 2, 3-trimethylbutane, cyclohexene, 1-methyl-
cyclohexene and 1-heptene. These were placed on an
absolute basis using a value of 3.05 X 1010 ¢ mole—15-1
for the reaction of OH with isobutene [24]. These re-
sults are presented in table 1, together with the avail-
able literature data.

Within the estimated 20% uncertainty in our rate
constant values, the agreement among our data and
the literature values is good. For example, our value of
(3.1 £0.6) X 10° 2 mole~ 15~ for 2, 3-dimethylbutane
agrees within experimental uncertainty with that of
(2.6 £0.3) X 10% 2 mole 151 recently, determined in
a separate study in this laboratory by Atkinson et al.
[4]. This latter value was derived from the relative
rates of disappearance of 2, 3-dimethylbutane and
ethane during a 216-hour irradiation in the Pyrex
chamber. Both of these values are significantly lower
than the value directly determined by Greiner [29] at
300 K of (5.16 £ 0.13) X 107. However, it is expected
[28] that the rate constant for the reaction of OH
radicals with 2, 3-dimethylbutane would be less than
twice as fast as with isobutane on the basis of the num-
bers of primary and tertiary hydrogen atoms in these
two alkanes. The absolute rate constant for the reaction
of OH radicals with isobutane has been determined to
be 1.5 X 109 2 mole~1s—! at 304 K [29], and hence
the OH rate constant for 2, 3-dimethylbutane is ex-
pected to be <3 X 10° ¢ mole—1 s~ which is in
agreement with both the determination of Atkinson
et al. [4] and with the present work.

Similarly, our value of (2.3 + 0.5) X 10% € mole—!
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Table 1
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15 December 1976

Pelative and absolute rate constants for the reaction of OH and O(3P) with selected hydrocarbons

k(¢ mole™! s—1 x 10-10)

ko + compound at 305 K

Compound Relative rate kQ(3p) + compound
of disuppearance this work 2) literature at 298 K

isobutene 1 3.05 - 1.2¢)

2, 3-dimethylbutane 0.10 0.31 * 0.06 0.459),0.26 + 0.03 ©) 0.012¢)

2, 2, 3-trimethylbutane 0.074 0.23 * 0.05 0.29b) ~

1-pentene - - 1.8:0.24d) 0.28 €)

1-hexene - - 1.9+ 0.24d) 0.31©)

1-heptene 0.73 22 0.5 - -

cyclohexene 1.53 4.7 +09 3.8+ 04D 1.3€)

1-methyleyclohexene 1.91 58 =1.2 - 49020

2) Using a literature value of 3.05 X 101° ¢ mole=!s—! for OH + isobutene [24].

b) Ref. [29], T=298 K. ©) Ref. [4], T = 305 K.

9 Ref. [16] using a literature value of 3.1 X 10'° ¢ mole='s~* at 303 K for OH + cis-2-butene [24].

€ Ref. [32]. D Ref. [31].

s=1 for 2,2, 3-trimethylbutane is in reasonable agree-
ment with the value of (2.9 £0.1) X 109 £ mole—1 s-1
obtained by Greiner at 303 K [29]. In addition, the
decrease in rate constant in going from 2, 3-dimethyl-
butane to the larger molecule 2,2, 3-trimethylbutane
is consistent with a decrease from two to one in the
number of tertiary hydrogen atoms [29]. These atoms
are the most easily abstracted, since the C—H bond
strength for tertiary hydrogens is 3 keal mole—! and
6 kcal mole~! weaker than that for secondary and
primary hydrogens, respectively [30].

Recently, Wu et al. [6] used a technique similar
to the one employed here, namely, the photooxidation
of hydrocarbons in the presence of NO, in air at 1 at-
mosphere and 303 K. Under the assumption that OH
was the principal species depleting the hydrocarbon,
they obtained rate constants relative to cis-2-butene
for several of the higher alkenes. Using a value of
3.1 X 1010 @mole~1! s—1 for OH + cis-2-butene at
303 K [24], one obtains a value of 3.8 X 1010 mole~1
s~1 for cyclohexene at 303 K from the data of Wu et
al. [6]. This value s in reasonable agreement with our

value of (4.7 £ 0.9) X 1010 ¢ mole—1 s-1 at 305 K.

Substitution of a methyl group for one of the hy-
drogen atoms in cyclohexene increases the rate con-
stant slightly, since we obtain a value of
(5.8 +1.2) X 1010 ¢ mole~15-1 for 1-methylcyclo-
hexene. This is expected by analogy with the similar
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addition reaction of O(3P) atoms with cyclohexene
and 1-methylcyclohexene (0.91 and 4.21 relative to
O(3P) + cyclopentene) [31].

Table 1 shows a comparison of the reactivity of
O(3P) atoms [31,32] as well as OH radicals towards
the compounds studied here and other selected com-
pounds. Since both O(3P) and OH are expected to
primarily undergo addition to the alkenes, one would
expect the same trend in going from 1-pentene to cy-
clohexene and this is, in fact, observed. In addition,
the value of 1.8 X 1010 ¢ mole—1 s~ obtained for
1-hexene by Wu et al. [6] and our value of
2.2 X 1010 2 mole~! s=! for 1-heptene, both obtained
by similar methods, are consistent with the trend ob-
served by Wu et al. [6] of an increase in rate constant
with the larger molecular size of the alkene.

As mentioned above, the higher straight chain and
cyclic alkenes are assumed to be important precursors
of the organic content of ambient aerosols found in
polluted air [9, 10]. The rapid rate of reaction of OH
with these species ensures that, in addition to 03—
alkene reactions, OH attack will be an important reac-
tion pathway in real and simulated atmospheres, pos-
sibly yielding multifunctional oxygenated species in
the aerosol phase [9,33]. - ‘ :

Assuming an ambient OH concentration of 5 X 106
radicals cm=3 [18, 27,28], the atmospheric half-lives,
ty72 =0.693/k . ryy [OH], based solely on reaction
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with OH, are (in hours): 2, 3-dimethylbutane, 7.5:
2,2, 3-uimethylbutane, 10.0; cyclohexene, 0.49;
I-methylcyclohexene, 0.39; and 1-heptene, 1.0. In the
case of the alkenes, the actual half-lives in the atmos-
phere are expected to be significantly less, since O
reacts with the alkenes at significant rates {9, 34].
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S T TAGe-216~1 502 CRY ) T i o ) .
oo C GLASS CHAMGER
o 1976 Jut 27 : e e - e - -- -

DARK
_ FROM 1200 TO 1545 THE TEMPERATURES WERE TAKEN FRCUM THE LCG BOOK; FROM 1600.CN ..

THE TEMPERATURES WERE TAKEN FROM THE COMPUTER REACOUT T - -
TECG 43 SAMPLING RATE 1161 ML/MIN

- LLCCK__ELAPSEQ . TSL___RSL HUM 502 S : o
TIME TIME(¥IN) (DEG C 2y (PP¥)

1200 C. 29.4 1.0
! 1218 15, 29.4 0.0
e 123Q 30, 2946 s 1P« I —_— -
1245 45, 25.6 3.0
( 1300 60, 29.6 2.5
LLA31Ss o 15.0 0 29.6 2.0 e et v e e e e e e e et e e = e
. 1330 90. 2944 2.0
« - 1345 105. 29.6 2.0
_.la00 _120. . .2S.1 2.0 -
1415 135, 29.7 1.5
i 1430 15¢C. 25.7 . 1.5
- oo LsAS L 165.  2GeT . 2.0 Co e e emeem e e e e et e
H 1500 160. 25.7 1.5
{ 1515 155.- 29.9 1.5
2 .53 210, 300 -
£ 1545 225, 26.7
ES 1400 240, SE¥kex LT 2 23
i LABLS. 255, ¥wmaxs LD — ; —
E *xkuks NO DATA TAKEN ~~—- CATA DISCARCED 7 QUESTICNABLE DATA
{ -
it _ e . . i
.
f i e e et e - e e
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AGC~216=2 SC2 CRY o ) T ) ) i
) GLASS CHAVBER
1976 JUL 27-23 )

__.LLOCK ELAPSEC __ TS1__ REL kUM 502

TIME - TIME{MIN} (DEG C} (3} tpPu)

€367 2700
( 1645 28&.

Y7L 301. . -
1716 316.
{ 1731 331,
1746 346, 3345 .
1800 380. " 33,7
1815 375, 33,5
—.. 1839 350. 23345 -

1845 405. 335

-1909 420, 33.4

1915 435, 33.2 2.0 C.309 -
1930

450, 33,2
1945 465. 33.1
2009 480, 33.2

Kot Sunasit founs, Inc. !
M

2015 455, 33.4
2030 510. 33.5
2085 525, 33T e
) 2100 540, 33.7
1€ 211§ 555, 33.8
3 2139 57C. 33,7
i 2148 585. .  33.8
C 2200 600. 33.7
L2215 615. 33,7 e
2234 630, 33.7%
C . 2245 645. 33,7
. 2300 680 33,7 — —_
) 2315 675. 33.7
: C 2330 690. 33.7
i L...2345 705. . 3344 2.0 0.291 - e
3 C 0 720,77 334
Y C Y QUESTIGNASLE DATA
T )
d - e et e = 2t et s+ e e e e e
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IS AGC~216-3 $02 CRY
g T GLASS CHAMBER
Y e 1976 guL 28
. GLOCK _ELAPSEC TSI . _REL Hu¥ _SCz . .. e e .
TIME TIME(VIN] (DEG C) (%} (ep¥)
30 750 33,9 2.0 c.281
(R 45 765. 34,6 2.0 0.278
e M0 T80 5.0 . 2.0 G280, - e e s e e e e e
115 755, 35.4 1.5 (.26
' 130 810, 25,4 1.5 €.231
e A45  B25.  _35.4. X5 C.2TT - S -
, 290 840. 35.4 1.5 €.277
C 215 855, 315.6 1.5 ¢.217
230, . B0, . 35.6 1.5 _ C.2B1
245 885. 35.4 1.5 C.215
( 300 900, 35.5 1.5 €.272
- e SLB 915 3564 . MeB 268 . ————
H 330 930, 35.6 1.5  C.271
¢ C 345 945, 3544 2.0 0.271
3 400, 95Q. 35.4 1.5 C.261
i 415 975, 35.4 2.0 €.250
:C 430 990,  35.4 2.0 C.264 -
.. 1005, 38,3 2.0 _C.26% S om
1620. 3504 2.0
5 C 515 1035, 35,3 2.0
§  ..530. . 1050. _ 35.3_ . 2.0 _0.234 _
£ 545 1065, 35,4 2.0  €.259
C 6GC 1089. 35.1 2.0 €.252 N
o815 10G95. 33,0 2.0 €.249 e - - -
\ 630 i1io0. 35,0 2.0 T0.248
C 645 1125. 35.0 2.0 0.249
e 200 1160 3900 2.0, 00249
715 1155, 35.0 2.0 0.243
C 730 1172, 35.0 2.0 0.244%
e, 745 LLEBS. 35,0 2.5 C€.235 e e R e o e e
800 1200. 14.7 2.8 C.233
C 815 1215, 34,7 2.5  0.233
B30 2:5._.0.235
' 845 2.5 €.241
{ $20 2.5 €.237
e 91512754 34,7 245,623 e e e = e et e e e e
530 1290, 24.7 2.5  G.23¢
C 945 1385, 34,7 2.5  €.231
e 100013200 34T 245, . C,233 S O
101s 1335, 34.7 2.5  0.232
. 1030 1355, 34,7 2.5 C.22¢
o 1065 1365.. . 3447 2+5._..Ce225 R et ; -
: 1too 1380, 34.9 2.5  C.227
G L1115 1395, 24,9 2.5 €.220
SRS 5 510 SRS £7% X TSUS- LU0 S JPo SN oo ) U S SO U
{ 1145 1425, 34.7 2.5  €.215
»
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" AGC-217-1 S02 LIGHT DRY
GLASS CHAMBER
1976 JuL 30

CONTINUATION OF AGC-216 LIGHT;LIGHTS ON JUL 29 AT 1C00: INTENSITY 100%
DATA FOR 216-LIGHT USELESS DUE TO FAULTY DACS CHANNEL

$02 STRIP CHART DATA USED FGOR THIS RUN

2.5 ML CF S02 INJECTED WITH 90 ML GF N2 ON JULY
DASIBI 1212 ON CHAMBER AT ABOUT 1534 TO 1537 ON
) 1230 CN JULY 31 '
SAMPLING RATES (ML/MIN): TECO 43 - 1161: DASIBI

30 AT 10¢3
JULY 30 AND FROM 1201 TO

1212 - 600

CLOCK ELAPSED QZCNE | TSl | REL HUM sc2
TIME TIMEIMIN) {(PPM) {DEG C) (22 {PPM)

T 1130 TS15,  wtkkex | gRkusyr wpdaes 0.328
1145 Q. *%uxxk 3446 22.90 0.321
1200 . 15.  *#sxxx 35,1 21,5 0,315
1215 30e  HESkkE 35.4 19.5 C.310
1230 45, ek 35.6 1842 04307

... k245 .. .60.  #wEmuak 35,7 0 17.0 . 0.305
13C0 75, *x®rEx 36.0 16.5 0.301
1315 90, ®xdkkk 36.0 15.5 0.296
1330 105, *=dhwks 361 . l14.5 | 0,292
1345 120, *&kExx 364 13.0 C.290
1400 135, ddepmkn 36.6 11.0 0.286

R 23 8- . 1504 ®%kaekx 36,6 11.5 0.282
1430 165, *vx¥x 3645 11.5 0.27%
1445 180, kkdwkx 36.5 11.0 0276
__“m_L500mmmw_195.mm§§?***__mwﬁbpzwmw“ll.Cm_ Ca273
1515 210, #Eddkx 36.1 13.0 04269
1530 225. 0.519 348.9 14,0 0.265
1545 240, #muys¥ 35.8 15.0, . 0.262
1600 255, ERkukk 35.7 15.5 C.260
1615 270. *knxkp 35.17 16.0 0.255

1630 285.  _®¥uyes £e253
1645 300, *ekuan 0.25C
17C0 315, wuxsR 35.17 17.0 0.25C
1715 330s_ _¥xkxwe 35.17 18.0.  0s247 _ .
173¢ 345, %vpxE 35,7 19.2 0e245
1745 360. *%x¥iukx 35.6 20.0C 0.242

—— 1800 . _ 375,  %wxsk__ 35,4 21,0 . 0,24C... ..
1815 3G90, | exkkek 35.4 2245 0.237
1839 4C5, ¥hkexk 35.7 21l.5 0.236
1845 420, k%rdre« . 36,1 19.0...0.235 . ... ..
1900 435, ¥F¥Ekukk 35.4 17.0 0.233
191% 450, kEREXX 3665 16.0 J.230
1930 465,  Brdxxk 36e6_ . 15.5 . Ce227 oo
1645 480, dxEnEk 36.6 14.5 0.225
2000 485,  #EREEX 36.6 15.0 0.222
— 2015 510, %k%uxx 34, .195.0_ . 0.220
2030 9525, EWEmER 36, 15.5 0.218
2045 540, kwmxnx 36.6 15.5 0.216
2100 _555.  ¥ekwxx 36,6 15.5 . 0.213 ..
2115 570 =doxx 3545 1645 Ce211
2130 585, *%rixx 3645 17.0 C.210
2145 600, ®hxaER 36.5 17.5.  0.208
2200 615,  #aauwn 36.4 18,0 0.206
221% 630,  *Thuxx 36.4 18.0 0.224
e 8830645, __®vNkx 36,2  19.3 .. 0,203
2245 660 BEXRTEE 3644 19.5 C.200
675, *edkxxk 36.2 20.2 0.196
2315 690, *o%Ekx% 36,2 20.5 0.195
2330 705, wasses 36,1 2l.5 0,193
TT234% 7200 wnsend T TTHe 1T T 22,57 0.180

_ ®sekss NO ODATA TAKEN

~~== DATA DISCARGED

© ? QUESTIONABLE DATA
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AGC-21T7~-2 SO2 LIGHT DRY
GLASS CHAMBER
~ 1976 JuL 31 . -~
... CLOCK ELAPSED _ OIONE. . TSl .. REL HUM sc2
TIME TIME(MIN) (PPM) {DEG C) (%) {PPM)
0 T35, ksdxsk 36.0 22.C 0.188
15 750, *®enxn 36.0 22,0 C.l185%
e 30 T65,  wxdEwk 35,8 22.0 .. 0,133
45 760, waknak 35.8 22.0 0.1381
100 795, xesoes 35.8 22.5 G.180
k18 BLO,  EEEkxx 35,8 22,5 . 0,177
‘130 825, tsdxen 35.7 22.5 0.175
145 B40, exgadx 35.7 22,5 ' 0.1172
@G0 855. X¥kaxkk 35,7 22,5 Cel71,
215 870, w#Ekkkx 35.6 22,5 0.169
230 885, wxkxk® 35,6 23,0 O.le8
e BAS | G00.  REEuxx 35,8 73,0 C.l66
300 915. *nxkEx 35.6 23.0 0.163
315 930, kEEEkk 35.6 23.0 C.160
emw 330 945, sxwxkx 35,6 23,0 C.l8C
345 960, **¥kax 35.6 23.0 0.158
4C0 . 975. wxxkxx 35.4 23.0 0.15¢6
. %15 990.  kwkwk: 35,6 23,0 0.154
430 10C5. Fxkskw 35.6 23.5 0.152
445 1020,  #x%exx 35.4 23.5 C.150
e DQO 1035, kwdxxx 35,4 23,5 0,148
515 1050, *%wxex 35.4 23.5 C.l47
530 . 1065, =kkix 35.4 23,5 0.145
545 _ 1080, _ *¥xk%k_ - 35,4 __ 23.5 __ 0O.l44
600 1055, &danik 35,4 23.5 C.l42
615 1110, $xkxkx 35.4 23.5 0.140
I 630 __ 1125,  wxsxxx = 35,4  24.0...0.13%
645 1140, ®xstex 35.4 24.0  0.137
700 1155, #xo®xx 35.4 24.0 0,135
e JUS T BLTQe  wEEwkk 35,4 2440
730 1185, xdkus 3544 24.0 0.133
745 1200,  ®ddtsx 35.4 24.0 0.131
e BCQ 1215, kxkwmx 35,3 24,0
815 1230, #xkeax 3544 24.0 0.128
830 1245, wwkxek 35,4 2445 0.127
. B45 1260, ¥wtkex 35,4 24,5  0.126
9Cco 1275, exdsen 3544 24.5 Gl.l24
915 1290, wmaxex 35.4 24.5 0.122
820 1305, _k#ax%« 35,4 24,5 C.120
945 1320, *xtkus 35.4 24.5 0.1l8
1000 1335, #wexksk 35.4 24.5 0.llé
e BOLS 1350, #¥%%kk 35,4  Zhe0 0115
1030 1365. whkxkx 35,6 24.0 0.113
1C45 1380s keraix 35.4 24.C. 0.112
— . 1100 1395,  #x¥xek 35,4 74,0  0.111
1115 1410, ®xdits 35,4 24,0 0.109
1130 X mbokk 35.4 24,0 0.107
1145 LTTLIT 35.6 24.0 0.l06
_l2ce AL LT 3%.6 4.0 0.105
1215 1470. 0.504 " 3s5.4 24,0 0.103

#ewxs NO DATA TAKEN

_===< DATA DISCARDED
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E oy )
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4 AGC~-218-1 SO2 40% RH
" A ’ GLASS CHAMBER
1976 &U5 4
.3 DARK
- AT 0850 FC-12 AND $32 WERE INJECTED INTD THE CHAMRER
L THE DASIBL 1212 WAS ON THE CHAYBER FROM 1651 TO 165§
i BRADY 1266, CALIBRATION 1976 JUL 1&
5 SAMPLING RATES (ML/MIN): YECO 43 ~ 1233; CASISI 1212 - 600;
CLCCK  ELAQSED  C2aNE . TS1  REL hyM S92
TIME  TIME(MIND (PPM) (DEG €) (%) (PPM)
1100 C. etunes 33.4 45,0 2.377
1105 5, xwxxge 33,4 48.5 2.351
1o 10, wexsxs 3.4 48.5 | C.380 .
1115 15. #¥2ess 33.4 46.0 0.379
1120 20, EEkks 3.4 47.5 0.374 -
1125 25, wwsksx 3305 47,0 0,375 .
1130 30, exuEsk 33.2 47.5  0.371
1135 35, wexEn 33.4 47.0 2.372
Lo 11400 400 wemxss 33,5 3605 0.370 i "
1145 45,  kwsRkw 33.% 45.¢ 3.371
{ . 1150 50. serwex 23,4 46.5  0.369
.. 155 55, wmxEwx 33,4 45,5 0,364 , e e
1200 . &0, EEwiss 33.4 45.5  0.366
" . 1208 65,  wEEEEm 33.5 45.5  0.36?
JE ¥-3 1< 70, E¥EEes 33,5 45,3 0,359 . e e e o e
, 1215 75, kEernE 33,5 45.0 0,382
. * 12208 80. Frewas 33.4 45.5 0.359
: ] : o 1225 B5.  ¥wAw:k 33,4 44,3 0.362
§ = _ 1230 90. dxmze 33.4 44.0 Q.362
! = 1235 95,  HuHEkR 33.4 44,5 0,355
4 K w2400 100.  wdmsks  33L2 A% 0335 e e £ em
, : R 1245 105, kwmbex 33.2 44.C ' 0.353
v é ¢ . 1250 110, sxsnxs 33.2 44,0 0,353
o | e d255 L15.  wwswmw | 33,4 44,9 0352 . e
s i g 13c0 120, weEaik 33,2 43,5 0.356
o { . 130§ 125. #&dtsk 33.4 43.9  0.351
F g e 3100 13C. 4240, 0.355 R e e
LT 1318 135. . 42.0 . 0.343 t
C 1320 140,  krdwex 33.4 42,0 0.348
cy wo 3325 0145, sewwae | 33,5 LAL5. 00352 e
g 1330 150, #asask 33.4 41,9 0.347 )
8 [« . 1335 155, | x&xywk 33.5 42.0 0.344
-t w1380 160, Amswes 33,5 _.42.0_ 0.344 e e e e e . —
: T 1345 165, kiauxt 33.4 41.5 7 1344
¢ e 1350 170, wtkess 33.5 41.5  0.343
i 1355 _  175. ##wssx . 33,5 42,0  C.343 . — e
§ ) 1400 1680,  mEesex 33.5 41.5  0.341
& g 1405 185, wuedax 33,7 40,5  0.341
. Cooo o lel0 190, wgwmme 33,5 40,9 0,343 . e R
a . 1415 155, #axnes 33.5 4.0 G.340
P L. 1420 200, kwemsr 33,7 41.9  0.337
it 1425 2065, wxwwss 33,7 40.5  0.338
i 1430 210, =rsses | 33,4 41,0 G.336
iy { 1435 215, russ= 33.7 42,0 0.336
‘ 1440 220, #awrax 33,7 41,5  C.336 R i
L 1445 225.  ®EAwey 33.% 41.5 0.332
;i ] \.
NN .
Yoo 7&“
v ¢
\; P . .
Ao . 1450 © 230, ewsran 13,7 41.5  C.332
[ . 1455 - 235, exkey 33,7 42.9  0.33¢C
B3 1560 2640, exxswa 33,7 42,3 0,335
Loy 15605 245, etaraw 33.7 42.0  0.330
. sannks N0 DATA TAKEY —~—= CATA DI1SCARDER ? CUSSTIOHABLE DATA
F
u i
b
i

At e g
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AGC-215-~2 SO02 40% RH
GLASS CHAMBER
1976 AUG 4

CLOCK  ELAPSED JicNE
TINE  TIVEAMIND  (FPu)

1512 260, ktkwwmu
1515 255, tsrwse
1520 260, ketems
1525 265, wuwwws
1530 278, enmgas
1535 275, wrisse
1540 260,  kskkvd
1545 285, tEzsex
155¢C 293, #atows
1555 255.  5.003
1600 3C0O. BhskEw
1605 305, #tdwrk
1610 310, wréexe
1615 315, tedkek
1620 32C, ikkke
1525 325, whEEwk
1630 330, [Ty LT
1635 335, #xesss
1640 | 340, Euawwk
1645 345,  kEexexw
. 1650 356
1655 355,
1700 360. tweEss
705 365, s
i710 T 370, xehexs’
1718 375, trapexw
1720 380,  srxiex
1725 185,  #rswsw
‘1730 390, Hugwms
S 1735 395, emevas
1740 400, FmEEEE
1745 405, aktue
1750 410, sewins
1755 415, *exkoe
1800 420, wrEEad
1835 425, traxks
1811 431, rrRsak
1816 436, tExexEs
B 73 S TS PR L
1826 L4f, ETREx
le31 451, wrzmeew
1836 456, xasrx
1841 461, ®teses
1846 466, Hutsix
1851 471, tdkew
1856 476, kxairx
1901 481, wtukex
1506 486, ArYLee
1511 491. Y I T
1916 4906 . L EET TS

dxbrun NO DATL Tar i

TS5t

nTs )

33.7
33.7
33,7
33.7
33.4
33.5
33.5
33.4
33.4
33.4
33.4
33,4
33.4
33.2
33.4.
23,4
33.5
33.5
3.5
23.5
33,

33,8
33.8
33.7
3.0

—=-w GATA DISCARLED

REL HUM
()

41.5

4249
42.0
42,1
41,5
42,0
42.9
43.0
43.0
41,5
42,0
42.0
42.5
42.0
42.5
43.0
42,
43.5
44.9
43.5

43.5°
44,5
L 44.5

44.0

43.0

" 42,5

43.02
4245
42.9
42,0

L44.0

44,07

. 0.303
T 04302

s12
(PpM)

0,329
04325
0.326
D325
0.327
D.324
C.32¢
©.322
0.322
C.320Q
0.322
D.31h
0.319
0.318
0.314
0.315
0.315
S.310
0.311 :

C.309
C.3213
C.308
0.308
c.3c8
€310
3.303 ..
2.308

0.322
0.302

0.293

5.259

6.296 .

0.299 e s
0.294 T
0.293
£.297
0.297
5.296
.291
0.292
0.292
0.292
9.291

74289
J.237
Ta288
0,287

T OGUISTIOMNALLE DATA
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AGC-218-3 $02 40% RH 7
1 GLASS CHAMBER
1975 AUG 4

- CLOCK ELAPSED  QIZONE TS1_ REL KuM 02
YIME T TIMECMING T (PPvY " ThEG © (%) ioomi

¢
TG SEA T wwwwn ¥ T A3TE T 4205 QU 2sd o
¢ 1926 506. ttwexx 33.8 42.2  0.28% .
——..1931 S1Le  Sex=ee = 33,7 .. 41.5.0.285 . - e - _ —_
1936 516. *Euzxx 33.7 42.5 0.235
C 194} 521. gwaxse 33.7 41.5 0,278
e 1948 526, #tauke 33,7 0 41.5 0,282 _ . . R -
1951 531.  txsxEk 33,7 42.5 0,278
C 1956 536. sxuERE 33.7 42.0 0.278 T
e 8301 B4l,  wxmake 33,6 42,0 0.283 ) - .
N . 20086 S46.  kedkkEsr 33.5 42.5  0.277
< 2011 5§51, #xkews 33,5 42.3  Q.278
. 2016 556. &¥xkax 33.4  4l.S  0.277. ; .
2021 561, #uEtRsx 33,4 42.5  0.277 ] :
C 2026 S566e FEHREX 33.4 42.5 0.216 : .
— 2031 578,  #ks3es 33,4 42,0 0.278 e e e e
= 2036 576. ®hewex 33.4 42.5  0.275
C 2041 581, #kexn 33.5 42,0 0.274
2046 586. wrwkwe 33,5 42,0  0.275 e e e e e
* 2051 591. #zkes 33.7 . 43,0 0.271
C 2056 5S6. kkEpkE 33,5 42.5  0.271
s 8100 601, kkeExx 33,7 42,5 0,270 T et e e
. 2106 7 606. wturEd 33,5 43.0 0.271
C 2111 611. semErx 33.7 42.5  0.269
L2116 616,  es¥mws 337 42.5  0.270 . ] _— _
‘ 2121 621, ‘kxase: 33.7 43.0  0.270 .
¢ 2126 626. Buxwie 33.7. 42,0 0.270
e 2131 631, weesks 33,7 43,0 0,270 _ .
2136 636, ETEEUEE 33,7 42.5 0.267
C 2141 T B4l. REEAEE 33.7. 42,5 0.266
2146 646, wwwaRE 337 43.9 0,265 . . .
2151 651 tuwxss 33,7 42.5  0.265
C 2156 656. dkxmis 33,5 42.5  0.269
2201 | 661, eEwxs o 337 43,0 0.266 i e e
2206 666, kESTEE 33,5 42.5 0,263
C 2211 6Tle ®&kktkx 33.5 42.5 0.265
2216 676. wrxtwx - 33,7 43.0  0.264
o 2221 681. sunwxs 33,5 42.5  C.281
C 2226 ' 68be kE¥skE 33.5 43.5 0.2063
e 2231 691, wksEEm 33,5 43,0 0,263 .
2236 696,  HLALEH 33,5 42.5  0.259
C 2241 TOle #kkaxe 23,5 43.2 0.25% ‘
2246 | 106, sEenks 33.5  42.5 0,258 U ' -
2251 Til. sxxass 33.5 42.5  0.255 ’
( 2256 Tlé. sxkskn 33.5 43.0 0,256
*hkesd NO DATA TAr:zN . ~=== DATA DISCARDED 7 QUESTIGNABLE DATA
{
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AGC-218~4 SN2 40% RH
GLASS CHAMAER
1976 AUG 4-5

_ADD 660 MIN

TO ELAPSED 11IME

CLOCK FLAaPSED TS REL HUM S0
TIME  TIMEIMIND ([DEC C) {x) (FoM)
2206 6. 33.5 42.5  C.263
2211 11. 33.5 42,5  C.265
2216 . 16e_ 23,7 _ 43,0 2.2664
2221 21. 33,5 42.5 2.261
2226 26, 31,5 43.5 0,263
2231 3. _33.5 43,0 0.263
2236 36. 33,5 42,5 0.25%
2241 al. 33.5 43.0  0.256
2246 C4be 33,5 42,3 2,252 .
2251 51, 33.5 42,5 T.2%5
2256 56. 33,5 43.0 0.256
2301 61. 33.5  42.5  C.354
2306 66, 33.5 42.5  C.255%
2311 T1. 33,8 43.0  (.250
2316 6. 33,7 42.5 (.253
2321 81. 32.% 43,3 0,252
2326 86. 33.% 43,0 0.252
2331 Sl. 33,4 42.0  0.249
2336 96. 33.5 43.0  C.25)
2341 1cl. 33.5 42.5  £.252
L2346 1C6.  23.5  42.0 0,245
2351 117, 33,5 42.5 C.248
2356 116. 13,4 42.0 0,243
Voo 12l. 3304 42,5 0,247 I
6 126, 33.4 42,5 C.250
11 131. 33.4 42.0  0.244
16 136, 33,4 42.5 . C.245
21 141, 33,4 42,0  0.244
126 146, 33.4 42,0 0.244
31 151. 33,2 42.0 3.242
36 156. 33.4 41,5 0.2642
41 161, 33.4 42,5  0.241
46 166. 33.2 42.0  G.239
51 171. 33.4 43,0 2,239
56 176. 33.2 43.0 0,239
121 18t. 33.2 42,5 .23
106 186, 33,2 43.5 (.236
111 151. 33.2 43.0 0.238
116 156. 33.1 43.0  0.236
121 2C1. 33,2 43.5  (.23%
126 2C6. 33.2 43.0  0.233
131 211. 33,2 43,5 0,232
136 216. 33,2 43.0 0.233
141 221. 33.2 42.5  0.233
146 226. 33.2 43,5  £.233
151 231. 33.1 42.5  €.228
156 236. 33,2 43,5 (.228
201 241, 33,1 43.0  €,23)
206 246. 3341 43.5 €.2%0
211 251. 31.1 44.0  0.230
Awer s MM ODATA TAKEN -——— DATA DISCACLER
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AGC~218-5 SO 40 RH
GLASS CHAMRER
1876 AUG 5

ACD 660 MIN TO ELAPSED YIME

CLOCK  ELAPSED
TIME TIME(MIN) {DEG ) {3 {PFM)
216 256. 33.1 4340 0.231
221 261. 33.1 44.5 C.232
226 2¢té. 33,0 43,5 C.227 -
221 2171. 33.0 440 D.228
234 276. 33.0 44.5 €22
241 2381%. 33.0 43,5 C.226
246 2Eb. 33.90 4445 C.225%
251 2%1.,.- 33.9 43.5 Qe225
L256 2364 33.0 435 0.223 e e e
301 301. 33.0 44,0 0.225
3c6 306. 32.8 4345 Ce225
311 311, 32,8 _ 44,5 C.226 . .. .. e
31¢é 316, 32.7 63.5 C.222
321 321. 32.8 43.0 C.222
326 326a 3208 8385 €e2Z e e
331 331. 32.8 43.0 0,223
336 336, 2.8 43.5 €.220
346 346,732, . c.2207
351 351. 32.8 43.5 C.220
e W BEAL 356 3227 8%aS . 0a2VT e,
401 361. 32.7 4345 Ca2i7
436 366. 32.7 44.0 J.216
e SML 370 3207 44eS 0.215 . e et e e
416 376. 32.6 43,5 C.217
421 3g1. 32.7 44.5 C.215
e %26 386, 32e6 __8%e0. Ca213 . e o et o i e
431 391. 32.6 44,5 C.211
436 396. 32.5 44.0 Q2,211
441 &40l. 32.6 L 45.0 0.210 . e e e
446 406. 32.4 44 .0 U.211
451 411. 32.4 45.0 0.213
456 . 4le. 32.4 C 4405 CL2Y0 . .
S0t 421, 32.3 45.5 C.211
506 426. 32.3 44.5 C.210
511 431, 22,3 45.5 0.204 S -
516 436. 32.3 44.5 3.206
521 44]1. 32.3 45.5 Ce210
526 . . .446.  32.3 L4450 Cl208 R e it o -
531 451, * 322.3 45.5 Q.28
536 456 32.3 b4 .5 0204
541 461. 32.2 45.5 0.207 -
546 466, 32.2 44.5 C.225
551 471 32.2 45.0 2278 .
556 476, 31.6 43.0 0.213 . . e e
601 481. 3.6 45.9 0.235
&0é 4RE. 31.6 45.5 €.202
611 491. 3l.4 45.% C,222
616 496, 3l.5 45,0 Ced2
621 501, il.6 45.5 ca222
ket s NO DATL TAXKEN == DATA D150 ADTY ? GULCSTINMABLE TNATA

51 REL HUM 502
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AGC-218~6 502 401 RM
GLASS CHAMBER
1976 AUG 5

ADD 660 MIN YO ELAPSED TIME

CLCCK
TIME

ELAPSED TS1
TIMEIMIN) (DEG C)

REL HUM
Iy

. tepy) ‘

Te26° T s06. TTUINVET T 4.6 gLz00
C : 631 511. 3l.8 45,5 0.230
636  5le. - 3146 45,5  €.200 e e et e e e ; .
641 521. 3l.6 46.0  0.199
C 646 5264 31.5° 45.0  0.199
... .65L - 531. _ 31,6 45.5 Q.199 e e e e 3 -
656 536, 31.5 45,5 Q.195
¢ 701 541. 31.8 45.0  0.197
6 546. 3149 45.5  CL197 e e e i
711 551, 3i.9 45,5  3.135
- 116 556, 32.0 45.5  5.199
. cee, 121 561, 32,2 46,0 C.197__ B— e .
126 566. 32,3 45.5  £.195
€ T 131 571, 32.4 45.0  C.194
» e 36 5T6y 3244 45.5__ C.195 O,
P T41 581. 2.4 45.5 0.193
2 146 586, 32.6 45,0 0,192

45.5 " C.1594
45.5  0.193
LA6.0  C.191
45.0  9.151
45,0 2.191 . o .
45.5 _0.182
46.0  0.183
45.5 C.188
45,0 0,188
45.0  ¢.188
49.5 C.137

32.8
33.0
33.1
33,1
33.2
..33.2_

33.4
33.4
33.4
33,5
.. 33.5

"T596,
601.
-1 1)
611.
616.
Wb2l.
626,
631,
_..636,
641.
646,

[P RN e a i e v e e

“ec6.

651. .

33.5

3.5

45,0

45,5 _C.136
0:184
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: — AGC-218-8 502 40% RH
g o GLASS CHAMBER
. 1976 AUG §

X,

CLACK | ELAPSED  CITNE, TS1. . REL HU™ S22

N | et
17 ] .

‘; TIMNE TIMS{MIN} (PPM)  {DEG C) (k1] (Ppu)
. = . 1311 251, twae¥ks . 34,5 33,0 0.125
7 L 1316 256, rEawEx 34.5 13.5  0.129
o 1321 281,  wmEwmxs 34,1 12.5 0.123 i . .
% 1328 266,  truREa 34,7 33.5  0.128
. b { 1331 271, wEaEEs 34.9 34.0 D.122
i 1335 276, wrEkEE 24,7 34.9 0.122.
1341t 281,  BEwEEE 34,7 34.5 0.123
L ¢ © 1346 286, rxsEws 34.7 24,5  €.120
T 1351 291, trrmEm .7 . 36,9 0.120. e e e -
S 1355 264,  REEEET 3446 35.C  0.118
§ ( 1401 301, REkEkx 34.6 35.5 0,117
by 1406 306. 0.264 34.6 35.5 D.11i8
R ] 1411 311, weErEx 3445 34,3 0.118
! 1415 316, kEoEEE 35.0 35,5  0.118
1421 321, rarkax 35,1 36.0 0.117
1426 326, waswkw 35.1 35.5.  0O.1l6
‘ f 1431 33). dstxex 35.0 33,5  0.1ll4
; ‘ 1438 336, ERERxx 35,4 35,0  0.114%
S I : 1441 341 NEsEEE 3544 35.5 0.1l
) « 1446 346, KuwEaz 35.4 35.5 C.112
LR 1451 351,  #xsses 35,3 35.0 . 0.110 e e e
2 § 1456 356. EREREE 35.1 36.0  0.1l1
L X 1501 361, rEEEEE 35,1 34,5  C.110
§ 1506 . 366. .287 . 35.0 34,5 0.109 T,
o F 1511 IT71.  FERuER 35.0 34.5 0.10% 4
% ‘ 1516 3Tba EEEHEE 34,9 34,0 0.109
. 1521 . 38l.  w&swws 34,7 34,0  0.109 - U
: 1526 386, F¥iexx 34,7 35.5  0.107
T 1531 391, kAeEEx 34,7 36.C 0.107
R 1536 394, TEEEE 34.6 36.5 C.104
{ 1541 401, FEmEes 34.6 36.C  0.106
b ‘ 1546 40E. HEEREH 34.6 36,5 0.104
‘ 1551 41l ksAkEs 35,8 356.5 0.104
. 15%6 416, ErEsEx 34.6 36.5 0.104
5 1601 421 mextes 34.5 25,5  0.103
2 1606 426,  0.302 34.6 36.C 0.103
re ‘1611 431, HEwvin 34.5 3645 - Cal02
SR 1616 436, krukER 34.5 37.5° 0.108
: é 1621 441, wxuths 34,5 - 17,0  0.100 N
3 1626 G4k,  HERREE 3445 36.C  0.098
§ 1631 451, ruruss 35.3 3.0  0.079
' i 1636 456, tEExEN 34,5 3545  0.063
S ; 1641 461, REEIER 34,5 37.C  D.d9e
A& ! 1646 466, FekvEk 34.5 36.5 0.094
1651 . 4Tl. #*&ssss 34,5 37,0  0.9%4
1656 476,  BuERTE 34.5 37.0 0.094
§
£ : 1701 481, *r4une 34.5 16.9  0.095
1 7 17¢e 486,  0.315 34,9 6.8 0.094
1711 491, wxxsxn 34.5 38,5  0.094
i 1716 496, H¥EEHa 34,5 4.5 0.092
§ . awtwdn N} DATA TAXLDN weee DATA DUSCASDED 7 SUESTIONABLE DATA
o ‘
- < !
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AGC-218-9 SD2 40% RH
GLASS CHAMBER
1976 AUG 5

AT 2059 PROPENE {6.4 ML) AND FC~-12 {58.0 ML) WERE INJECTED

——. ELCCK__ELAPSED  OZCONE ___ XS1.. . |

TIME TIME(MIN) (PPM} ({DEG C) (%) {PPM)
1721 501, wrwxs 34.5 34.0 0.092
1728 508.  kemEex 34.5 34,90 0.092

e BB B11a,  EEEER 345 34,5 0,092
1736 516, udad 34.3 35.0 0.C89
1741 521,  Eadkk 34.3 33.5 [ef-1-}

o LTR6 526, emmEsk 34,5 33,0 0,088
1751 S31. *dxkkk 3446 31,90 0,087
1756 535, &trusd 35.0 32.5 0.335

. EBOL _ 54).  wEaxkax 35,1 32,0 0.085
1896 546. 0.313 30.0 33.0 0.£84
1811 551, kesawk 35.8 32.0 0.085

e ABLE 556, . wExEes 35,8 32.9. . .0.081
1821, 561.  dowkxwx 35.8 32.90 0.083
1826 566H. HEkEEE 35.0 31.5 0.983

e X831 571, kewsxx 35,3 31,5 0.083
1836 576, h¥umkw 36.9 32.0 0.581
1841 581,  xdriee 38.0 1.5 0,078

e 1846 5B6, -38.0_.,.32,0___0Q.081 __ __
1851 591. 37.9 33.0 0.079
1856 596, kxurax 371.7 33.5 0.978

L1801 601, gemkmx 37,6 33,0 0.078. .__
1905 606, 0.328 37.5 34,0 0.078
1911 611, ks 37.5 33.5 0.078
1916  616. wxtsss 37,4 3.0 0.276
1921 621, HEexix 37.6 33,0 0.077
1926 626, bk 37.% 23.5 0.C77
1931 631. wexssx 37,6 36,0 0.C74.
193¢6° 636, Fkdkkk 37.5 34.5 8.070
1941 64l. K¥kzkk 37.2 34,5 0.2074

1946 646. wexaxE 37,2 36,0 0,074

. 1951 651, Ekdkkx 37.2 34.0 0.074
1956 656, xdkkx 37.2 34.5 0.073
2001 | 661. ¥xsxxx 37,0 35.0 | 0.071
2006 666, Kuxnkx 37.0 35.0 0.572
2011 671, dkwxe 356:9 35.5 C.C71
2016 676,  HkkEnx 36.9 35.5 0.058
2021 681. wtAEE% 35.9 3640 0.258
2026 686, ERIXES 34.9 36.5 2,058
2031 691. RwEadxk 34,9 3.5 2.470
2036 696, TEEEER 34.9 37.0 D.C66
2041 TCL.  xkdkes 35.0 37.0 D.0¢e6

2046 706,  ®xkewk 34,9 35,0 0,065
2051 711. 0.341 35.0 ,38.0 C.066
2056 716, 0.341 35.9 8.5 0.066

o.2101 721. . 0.343 33,7 . 38,5 0,066

/
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AGC~218~10 S$02 40% RH

= v . GLASS CHAMBER
i i 1976 AUG S5-& ] s
L \
Yo ADD 720 MIN TO ELAPSED YINME
i AT 2059 PRODPENE (5.4 ML) AND FC-12 {53.0 ML} WERE INJECTED
o AT 2217 1.0 ML OF S02 WAS INJECTED
i
p CLOCKR  ELAPSED  pInye TS REL HuM o §n2 .
5 5 TIME  TIMELMIN)  (PPM)}  {NEG C) ) (ppy)
| | |
. 2106 6. 0.32% 34,5 3600 D.gn2
% i 2111 1. 0.314 3%.9 36,0  0.06%
o F 2116 16 . C.300 34,9 39.0 04280 . .
1 . 2121 21. £.292 34,9 39.0 0.057
} ¢ 2126 26, 0.231 35.0 35,0 D.056
. ) 2131 31. 0,282  .35.0 3940 9.C55 . . .
2o 2136 36, wetuat 5.8 3.0 0.056
: 5 { 2141 41, wkmEss 35.0 19,3 0.054
{ * 2146 46.  wEwsEe 35,0 0 A9.0 005 .
. 2151 51, RbeEek 35.0 39,0 9,051
# ¥ 2156 56, t¥sEeE 35.0 39.0  2.053
T . ] 2201 S b).  ewEass 35,9 29.5 ,0.053
‘ 2206 66,  0.241 - 35,0 39.6  0.051
i 5 2211 71,  waEwEx 5.0 39.0  0.051
i e 2216 T sEmmsx 3500 0 39,5 G050 e e e toeme seeeraee e aere s
i 2221 El. mekisx 33,8 39,2 0.216
L 2226 Bo.  REEEAY 34.7 39,5 0.222
3 e 2231 9L, R BAGG 3668 CeZ22 e e e o e e e 1
R 2236 96, EuEEEw 34.9 39.0  0.221
£ 2241 101, shsses 35.0 39,0 0.217
; o...2286 108,  m¥rxxx 36,9 3B.5 _..6.220. ... e e e o <
I 2251 111, wEexsx 34.9 3949 . G.220
C g 2256 116, wxsunx 35,0 39.9 0.219
: L2301 121, wEemsk 34,9 36,0 0,216 e . e . )
P -~ 2306 1264 ®xéxsw 34.9 18,5 Z.214
[ 2311 131, sassas 34.9 38.5 0,213
- e 2316 136,  EugEwx 34,9 0 39.0 . 0.211 . it -
- - 2321 141, ®¥skxx 34,7 39.0  G.206
2326 146. wxwdEE 34.7 39.0  0.206
L . 002331 151, kwtrEx 34,7 38.5 04206 _ . N » .
R B 2336 186,  ®xtax 34,7 39.0  2.206
I 2341 161, wwEstks 34,7 35.0  0.204
2346 166, ®xeesx 34,7 39,0 0.295 e e
2351 171, #resxes 34,7 38.5 04204
2356 176, ®exEvk 34.7 38.5 0,273
5 1 181, rEtEEs 34,6 39.0  5.198 _
B & 186, zhewws 3446 39.% 0.193
i 11 191, ketexs 3445 39,0 - 0.200
= 16 15647 mEmExs 34.5 28,5  5.198 e L . .
21 ., 201, ¢twser 34.5 38.5  0.195
. 26 206,  Enrkak 34.5 39.5  0.195
i 31 211, wwenex 34,5 39.0  2.1%4
1 36 216, ¥ekEEE . 34,5 36.0  D.194
& ! 41 221. kK 34.3 38,5 2.191
: 46 226. #xmmEd 34.5 13.5 t.191
51 231, wawske 34.3 39.0  0.192
A
3
- T 234, EkewEw 34,3 16,0 14187
4 101 2L, wrexEe 34,3 18,5 0,188
£ 106 246,  wwiven 34,3 13.5 0.139 .
e 111 251. AemEss 34,3 38.5 Lelisd
»‘ wHakEE N DATA TAKEN ~~~= DATA DISCA9DED 7 QUESTITNABLE DATA
f .
i
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AGC-218~11 SO2 3% RR
GLASS CHAMBER
1976 AUG &

ADD T20 MIN TO ELAPSED TIME

CLOCK

akdww NGO DATA TALEN
M

ELAPSED

DICNE 751 ATL OHUM SC2
TIME  TIME(MINY (PDPM)  (JEG C) (%) LepMy
116 256, %sFack 34,3 38.5
121 261.  wmEwux 34.3 8.5
126 266, EEmEnE 34.3 38.C
131 271.  mEwenw 34.2 38,5
136 276, uuvak 34.2 28.5
141 281, wexmex 3402 38.C
146 286, wEedwxw 34,2 38,0
151 291. weReek 34,2 35.8
o 156 296, hFHesw 34,2 38.5
201 301, kExEwk 34,2 213.2
206 306, #mrwesx 34,2 23.¢
211 31l.  tEwies 34,2 38.¢C
216 316, Fremmx 34,2 38.5
221 321.  #ksras 34.2 33.5
226 326.  wrewrk 34,1 13,5
231 331, *wsead 34,1 13.5
235 336, wTetue 33.9 19,0
... .241 341, ®me¥ss 33,9 38,5
244 346, FEEEUE 33.9 38.5
251 351, *Txxvs 33,9 38.5
e 236356,  ¥TExwx 33,9 39,0
30L 361, | wEmExw 33.9 23.5
306 366, HEEess 33,9 23,5
311 371 | wEdywk 33.9° . 33,5
316 376. #wrexk 33.9 28,5
321 381, ksEdms 33.9 8.0
326 3Bb.  #tdax 33.8. 38.0
331 391,  EaFk 33.8 8,5
33¢ 396, hmssonk 33.8 28
341 401, | kEewxk 33,8 33.0
346 406, wEIEAE 33.8 33,5
351 411, Hzakss 33.8 38
338 L &Ll6, | mmatws 33,8 3
401 421, Hexdax 33.8 2
406 426, HEssit 33.8 2
o411 L6431, Ewmesx 33,8 3
416 436, #etuws 33.38 3¢
42} 441, weEEwE 33.8 35
e D26 446, FEEERE 33.8 38
431 451, Emmwusm 33,8 3
436 456, rEmEEw 33.8 2
441 461. wretex 33.7 2
] 446 4bb. BEELEA 33.8 3
i 451 471, *eswx 33.7 2
e, 56 L 4lb,  msssis 33,8 25
501 48l.  HEmxks 33,7 2
i 505 486, kuExte 33.8 22.5  0.143
| 511 491, wmaexy 33,7 15,5 C.140
516 456, warsws 33,8 The0 G.142
521 5Cle #xvwen 33.8 33,0 0.13%
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ADD 720 ¥IN YC ELAPSED TIME
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3 BE gk
711 &ll. 9.343
C 716 616, wawnuw 33,71 27,
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JF | 'AGC-218-13 S02 43% RR
L | ™ GLASS CHAMBER
1978 AUG 6

ACD 1410 MIN T0O ELAPSED TIME

el
s

_ CLOCK  ELAPSED  C20NE | TSY _ REL HUM  sdz o .
K TIME  TIMELMIN)  (PPMI  (DES C) z) 1PPM)
! ! \
! 829 —l.  EmEAE 34,2 39.0 0.114%
. : { 836 [ A E T 33.9 9.0 0.115
. 841 Y. wswews 33,6 30,5 0,114t -
i 846 16, *enxs 33.8 40.9  2.112
P S e51 21, tERawk 33.7 4C.0  0.116
I A 856 | ZHh. Awaxx: 33,7 4C.0 D112 ..
] S0l 31, #wkagk 33.7 39.0 - C.112
] i Iy 906 36, sExmmx 33.8 38.0 C.1i0
) gﬁ S11 o 4l. wRwtse 34,1 37.0  0.10% . et e _ .
i 916 46, FEIuTx 34,3 37.0 C.l07
. & 921 S51. &wutes 34.5 36,5 £.106
: 926 56. EEkEek 35.7 35,5  C.125
b ] 931 61,  wEEsax 34,7 38.0 C.104 B
L € kT £6.  FERFEX 34.5 38,5 0.193 ‘
43 941 Tl. Fwassd 38,5 38.5  0.104 )
§ ) 946 T,  bERAEx 34.3 8.5 0.10S .
3 - 951 Bl. exswmk 34.2 38.5 C.104
| : 956  Bb. %Eaxxx  34,.] 38,5 0,103 o I
~q B : 1oot Gl. EwnaEx 33.9 38.0 0.103
C .j - 1006 S6. EAksaR 33,9 37.5 0.105
T . 1011 101, *xswsx 33,9 37.5  6.101 e S
s 1016 106, swExkk 33.9 38.0 0.C99
i . 1021 111, #semxx 33.9 38.0 .C.099
3 1026 116,  wwke¥x 33,9 27,0  0.101 - R
e i 1031 121, sxaxks 33.9 37.0  0.096
: ¥ { 1036 126, wEdkxxe 33.9 37.¢C 0.036
Lo - 1041 | 131.  teewsx 33,9 37,5 0.899 ...
] ] 1046 136, *wder 34,1 37.5  0.398
{ 1051 141, sEkexs 33.9 7.0 C.298
e 1056 146, sHewvx 33.9 37.0  0.095
: k 1101 151, #mxgxx 3aul 37.5 . $.994
B s 1106 156, wmnaxe 34.2 37,0 0.C95
1% ©1rit . lel.  sEsess 34,2 37.C 053 ; . =
Cr 1116 166, ®xEss: 34,2 3.0 0.356 .
d \ 1121 171, #exsx 34.2 6. 0,093
S © 1126 176.. mEwrse 34.2 36.5  0.094 .
1131 181, #xyesx 34.2 36.5  0.054"
¢ { 1136 S186, FEEwEE 34,2 36.C 0.090
‘ 114l | 191. =&¥sex 3403 35,0 D.0%4
1146 156, #Exeds 35,3 35.C 0,230
A, 1151 201,  xEweks 34,3 34.0  0.C85
1156 2C6. saudax 3443 34.0  0.989 .
1201 211, rrwesx 34,3 33,5 | 0.092
1206 2le. #xwnmk 34.3 2.0 0,037
121Y 221, #seawk 34,5 13,0 0,589
1216 226,  wkkxsx 34.5 32.0 0.039
1
1221 231, twmsuw 34,5 32,5  G.CH3 )
§ | 1226 236. wkwkiw 34.5 1145 C.GH7
& Co1231 261, seawrx 34,5 3l.8 2.7384
Ty 1236 246, #xkwan 34,4 30,9 G.J37
i ! e L EwEEAE NTODATA TAKEN | e-=~ DATA DISCACDED | 2 QUISTIONABLE GAYA
i
3 S‘ .
i i
2 \
i
R
- 119
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o . o AGC-~218-14 $02 40% RH
[ 7 GLASS CHAMBER
I 1974 AUG 6

ADD 1410 MIN TO ELAPSED TIME
AT 1424 1 ML CF 502 AND 1.6 ML OF PRDPENE WERE INJECTED
CLIMET AND WHITBY WERE ON THE CHAMBER FROM 1313 TO 1645

DASIBY 1212 WAS ON THE CHAMBER FROM 1634 TQ 1638
.. CLOCK ELAPSED  OZONS  TSL _ REL HUM  §92 . . L
. TIME  TISZUMINDG S (PPM) (OES C) (3) (PPM)
B 7S W 17 D T .9 32,3 7 d.cas
1246 256,  kexEsd 34.9 32,2  0.084
e X251 2O, REEmAx 34,9 ALS . 8.087. .
1256 266, wwukw 34,7 32.5 0.932
! 1301 271, #eexsx 34,7 32,5 0.033
e 1308 276, AEREEEx 3408 31e 5 0a083 e e e
1311 281, mwAEex 34.6 31.5  0.J83 :
{ 1316 286, rEteua 34.6 31.C '0.033
B 3 S Sk UDE: L L S 100 S « <1 § S
1326 2964 EeEERk 34,8 31.5 7 ¢.082
{ 1331 U 301.  wEnEsE 3445 31.5  0.082
- ... 133e -1 T L L S 3l.5 0.078 - —
: 1341 311, EEEres 29.5  0.278
4 1346 316,  ExEIuE 34.6 29.5  0.077
4 1351 321, wswsws 3405 30.3 0,373 . o B, B
f 135¢ 326, ketEis 34.5 29.0  0.073
K 1401 331,  skkkEE 34.6 29.2 0.273
B S GAA06 0 336.  wmemkee 3406 2945 04073
* 1411 341, wkEERE 34.6 300  0.072 ,
3 1416 346, EEERES 34,7 20.5 0,071
3 e 821 351, EEERRR 546 3O 0403 e el e o
; 1426 356,  RwEgRE 33,1 31.0  C.138
1431 361, ekenks 31.9  0.221
_ola3e 366, mmxwaxk SO =L N P - 1= O -
L1441 371, sEbeEE 33,5 .231
1446 376,  wEvEm% 33.5  0.228 .
1451 381, mEuwwr 34,7 34,0 0.226, . I e e e e i ]
1456 386, kttrksx 34.7 34,0  0.223 ‘ |
1501 361, kemmkw 3447 34.5 0.222
= 1506 396, FeEsks 34,7 34.5  0.221 :
v 1511 401,  AkEwxs 34.7 35.0  0.217
h ! 1516 - 406. xkxdwx 34,7 35,9  0.214
o 1521 411, EEswaw 34,7 35.0  0.211
1526 416, wEkEek 34,9 34.2  0.209
€ - 1531 421, wEkmwi 34,9 33.5  0.206
1535 426, wEEEEE 34.9 | 33,5  0.202 o
1541 431, mEmxx 34,9 33.0  0.202
L 1546 436, wEETEm 34.9 32.5 0.202
L1851, 441,  wwmeors 35.0 .. ..32.0  0.198
1556 Q46  wEEREE 34.9 32.0  0.195
[ 1601 45), Hetten 35.0 31.5 £.192
1606 456. wewmnw 35.0 31.06  0.194
1611 461, Emmmes 35,9 33.9  0.191
{ 1616 466,  FrEREK 33.0 29.5  C.186
1621 471,  wExgEx 35.90 29.5 C.1R34
o 1626 476, ®ERREX 35.9 31.C  0.184
{
“ |
B 1621 481, mrdman 35,0 31.% d.14L t
C 1636 436, 0.407 35,1 32.5  C.140 . j
1641 491, wukiwe 35,0 3240 0.177 i
1646 456, waRARL 35,1 33,5  0.181 l
(. L
*xveak 4O DATA TAKEW --=- DATA DISCAPDED ? SQUISTICONAMLE [ATA : )
-
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. T AGC-21951 82 aos Aan T
i r GLASS CHAMJER
. 1976 AUG 16 L R . L
; ~~pARK " AUG 16 e e+ e e e e e
AY 1545 FC-12 wAS INJECTED INTO THI CHAMSER
AT 1646 SO2 WAS INJrCTEC INTI THE CHAMAER e e
TTYECC 43 SPANNED BASEL ONTCHAMBER INJECTIQN T T
- TECO 43 SAMPLING RATE 1233 ML/MIN
4 ‘ BRACY 1296, CALIBRATION 1976 JUL 16 e
L. TTTTIUS02 CORRECTION =5.1184 PeM” T T
. CLICK PSED TSL REL HUM _ SO2 —
R CYIRETTVINEUMINT (CEC €1 (87 TTURPM)
i 1733 F. RERRSE FEUEEE  BEICEE
{ 1735 5. 32.6 81,5 0,237
3 1742 10. 32,6 81,5  C.292
k 1745 15, 338 §1.5 €.29s
“ 1750 20. 32.6 81.3  £.297
1755 25. 32,6 Bl.3  9.302
aq 1800 TR 1.0 04333 N
5 C 1805 35. 2.1 1.0 0.303
,.-3 1810 40. 22,7 81.0 0,337
t 1815 %5, 37,3 §1.3  0.303
g C 1820 5C. 32.7 6.0  0.304 -
i, - 1825 55. 32.7 at.3 2,384
o # 1833 &0. 33,0 T 80.5  0.304
. & iC 1835 65.  32.8  83.5 0.302
; 2 1849 70. 32.7 80.5 C.392
] i 1345 75, 33.0 80.5  0.29%
{ iC 185¢ 80. 2.7 80.5  ©$.303
¥ 5 1855 85. 32.7 83s5 6297
‘ 'g 1500 §0. Y §205TTRVEIT
= 2 C 1905 95. 32,2 80.5 0.292
5 x 1910 100. 33,2 .82.5  £.292
5 1515 1C5. 35,1 805 0.292
i C 1520 110. 33.1 83.5  €.290
g . 1925 115, 33,1 80.5  0.237
3 {930 120 35T BI.5 C.293
q C 1935 125. 33.1 80.5 0.285 .
4 1940 130. 33.1 83.5  ¢.233
T 1945 135. 33,0 8045  C.282
; ( 1950 140. 32.0 83.5 0.281
g 1955 145. 33.0 83.5  C.281
3 2600 150. 3208 8505 63
; C 2005 155. 33.0  80.5 C.280
o 2010 160. 33.0 80.5  €.278
T 2315 165, 324 30.5  0.215 -
33 C 2322 170. 32.8 80.5 C.272
LR 2025 175. 33.0 80.5 0,266
! 2030 180, 3708 €3.9  <.2i2
i C 2035 185.  33.4  19.5  C.263
Sy 2040 19G, 33.5 19.0 0,263
] Z94% 155, EEN 78,5 0.259
4 C 29050 209, 33.8 7.0 0.253
H 2055 285. 33.8 17,9, 9.260 — - -
i 2109 210: EER) TE.5T 854 A
C 21C5 215. 33,9 76.5  C.258
gj 2110 220. 31.9 75.5  0.257 ~
A 213 225, 33,9 76.5  L.258
4 ( .
1\ . (R — —
¥ ‘
- 3; TS T230, 35,2 76.C  G.253 i
a g 2125 235. 4.2 75.0  5.25) ;
: 2139 260, | 34Wl T3 G250 s et e e e e e e i e e ]
LA TTTT 2835 77248 34.3 160G 7 0,249 '
d L TROFRM NT CATA TAREN . To7- CATA DISCARURCY S GUTSTIGNABLE DATE - - R




T

2

i

R

SRRPEN

i

Pl iree iy

T plmsanEy

FEST-TT, )

iy

v

e s

2T

Jiamatiin

i,

R v

P

%
¥

PR

JURT

2

. e e
[T PP ERURAPARPTRCD T, £ % b4

C

{

¢

lﬁ .

~

PEONAR  Maare Baloesy Forms, fae |
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TTTTTUTTAGC-219%2 502 €3¢ RWTT

GLASS CHA“BER
1976 AUG 16-1T

CLCCK ELAPSED TSl REL MM 802
TTTTFIMETTTTMEIM INT LT G LY ™) (447 - -
r4 €34 r43 2% ECYY Dsu T« 250
2145 255. 33.9 T9.3  Q.247
2150 260. 33.8 76,0  C0.2%%
2155 £E5. 3.3 16,0 C.24%
2200 210. 3.9 75.5 0.239
2205 275. a3.8 75.5 0.247
Z221T 2F0% 377 T3.5 03297
T 2215 2385, 33.9 75.5 .24l
2220 2%0. 33.8 75.5 0.241
2225 255, 33.7 5.5 U.Z233
2230 300. 33.% 75.5 ° 0.23%
2235 3C5. 33.8 75.5 0.235
2250 ER I 337 73757 0.238
2245 3154 33.9 75.5 €.235
2250 320, 2,7 75.5 0.233
225% 3257 IT 755 U.251
2300 330. 23,8 75.5  £.231
2305 335, 33.7 75.5 €.223
2310 340, 33.7 T9.9 0.425
2318 345, 3.7 75.5 0.224 -
2320 350, 33,5 75.5 C.221
2375 355. IS 7525 C.225
2330 360. 33,7 75.5 0.22%
2335 ©365. 33,5 75.5 C.220
23%0 ITCS EXIS-3 1555 0.2¢19
2345 375, 23.5 75.5 €.224
2350 330. 23,4 75.5 0.221
2385 335, 3.4 755 C.229
0 390. 33,5  75.5 0.213
5 395, 33.4 75.5 G.216
) 400. 332 1505 €.211
15 405. 23.4 75.5  0.213
20 410, 33.4 75.5 0.211
25 %15 EEIY 75.570.21%
30 420, 33.4 75.5 £.209
35 425, 23,2 75.5 GCl.2l4
TTTTTTRQ 435, 3340 7505 3211 ‘
45 435, 33.2 75.5 €.206 \
50 440, 32,2 75.5 £.296 |
NCE] 455, EEPS 5.5 U.205 ]
106 450, 33.2 75.5 £.204
105 455, 33,1 75.5  G.204
B X Z6€. LI 7505 €235, < T
115 465. 33.2 75.5  0.197 .
120 47C. 33.1 75.5 04199 - _ o
125 415, 33,1 5.5 C.205 >
130 CELR .1 T5.%  §.202 T
135 455, 23,0 15.5  C.193
_ a0 ast. 3341 T5.5  ClMT R » )
1457 7T 468, TTTTRITTTTTTIS 8 T TGLsd T T T T R ST e

__#%etes NC DATA TAKEN 7

=== DATA DISCARDED
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A
E
k.
4
4 ’
by AGC-219-37562 357 RH _
o r GLASS CHAMAER
§ . 1976 AUG 17 e = et e e e e e et o ot e e
4
B (
& I
3 ( CLCCK  ELAPSEE TSL _ REL HuM 892
b . TYFE TIMEUNINY (GEG €3 (F3} (PPN}
% ( '
g
& B E1 565e EEI91 lEE R T
¥ ¢ 155 505. 33.1 75.5 €152
3 200 510. 33.1 5.5 ¢.191
3 208 515, 3.0 5.5 G.187
; e 210 520. 33.0 75.5  £.192
215 525, 33.1 75.5  G.184
. 220 535, 32.8 75.5 C.18%
( 225 535. 13.0 75.0  0.187
230 540. 23,1 75.0 0.137
) 233 845, 2.8 T35 9.192
C 248 550. 32,8 75.0 0.133
- 245 555. 3.0 75.0 _ 9.152
i 250 580 EF Y] 75.0  CT.1E89
iC 255 565. 32.8 75.0 C.178
= 300 570. 32.8 715.0  0.183
; : 365 8§75, 7.7 75.0  0.178
C - 310 530. 32.7 75.0  0.176
; : 315 585, 23.9 5.0  9.115
320 LN 32.7 75.00 0.172
5 5 C 325 565. 32.7 75.0 . 0,173
i 330 6CC. 32.8 5.0 8.172 -
335 605. 32,7 75.0 0.175
C 340 610. 32.7 75.0 0.171
ok 345 615. a2.3 75,0 0.172
- 356 620, T 50T 6.165
C 355 625, 32.7 75.0  0.163
4090 630, 32,8 715.0  7.165
3 %05 63357 3.7 75.0  J.145
C 410 640. 22,7 75.0 0O.lol
415 6454 22.8 75.0  9.lo2 .
%20 650 35T 74085 C.15)
C 425 655. 32.7 74.5 C.153
: 430 660. 32.8 74,5 C.158
: 435 665, EEPY 4.5 €.15§ k
( © 443 673. 2.7 74.5  0.155
445 6754 32.9 75.0  1.158 . o
T TTTRSG 680, 32T 4.5 7 ¢L153
( 455 685, 32.7 74.5  C.153
’ 500 69C.  32.7 74.5  C.156
50% 695, 2.7 74,5 C.15%)
I 51¢ 7008. 32.7 74.5  £,155
' 515 7054 32.7 74.5 C.152 _
sask4s KO DATA TAKEN === DATA DISCARDED ? QUESTIONASLE
\ - ——
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131

. ) A3C~219-4 SD2 8DL FH
. GLASS CHAVAER
1876 AUG 17

Cars kb

! ACD 710 MIN TO ELAPSED TINME

=TI

3 . CLCCK ELAPSED TS1 REL HUM s02 e . . e e emm—— e - .
i ' TIME TIME(MIN) (DEC O) (3} {PPM)

23
—~

] 520 0. 32.6 74.5 0.149 :

¢ 525 5. 32.6 74.5  C.152 ' : ‘
S3C . L 10._ _32.7 . 4.5 _CMAT__ . L i+ e e e e e e rmm o = e e £ e e 8
535 15. 32.6 T4.5  C.148

C 540 2c. 32.6 T4.5 C.147 :

845 25 320 TS B LA e mimme s = e e+ i i o eminn e S e

550 30. 32.4 74.5 C.l4s

. C 555 ELN 32.6 74.5  0.143 - :

N ‘ —. €0C _ __&0. _ _22.6; . T4.5_... 0.142 . B, - e ot oo 1+ ot e et i

695 45, 32,4 74.5 0.138

610 50. 32.4 74.5  C.138 ‘ .

615  _55e 3207 TS5 0139 e e e o e e

620 60, 2.4 72.5  0.142 ‘

625 65. 32.4 74.5 C.136

639 0. . 32,6 __ 4.5 C.13a4

KL

pRRE,
o aanig e

sy
~

£ it

I

635 75. 32.4 74.5 0,133
64¢C 80. 32.4 T4.0 0.1356 . .
. 645 .. B3 v T4.0 0,132 )
650 90. 74,0 9,131
655 55, 32.4 . T4.0 0,131 : ‘ .
700 190, 32.6 T14.0.__ 0,131
7C5 105. 32.4 74.0 0.127
10 110. 32.4 74.9 0.128
715 - 115.  32.6. 74,0 0.127

720 120, 32,8 73,5 ¢.126

PP S

Ly

PN Fr-t TN
P

v NN

C
C
C
C
g C 125 125. 33.0 73.0 0.127
L 730 130. 322 72.5_ __ 0.128
3 735 135. 33.2 72,0 Q.121
H C . 740 140. 33.4 72.0 £.125 :
- S 745 .. 145.___ 32.5.___T1.5  @.l22 —— e
< 4 75 150. 33.4 71.5 0.121
L C 755 155. 33.4 71.5 0O.122 :
oo o800 180, 33,7 Tl.5  0.122 . - ; ——
= 4 €05 165. . 33.2 72.0  0.121
a C 810 - 17G. 33,1 72.0  0.119
oo U BIS 1754 3380 7240 Qa1 e e e o im s
1 820 180. 33,0 72.0 Q.122 ‘ ‘
i C 825 185. 33.0 72.0 C.119
ER _.. .B3o  _1S0. 33,0  72.0 0,113 e — —
-« 7835 195. 32.8 72.0  0.120
9 C 840 . 200. 32.8 72.0 0.112
£ 845 205. 32.8 - 72.0 0.9 o . e
A 850 210. 32.8 72.0 0.112 .
C - 855 215. 32.8 72.0 0C.l14
Ty . 930 220. 33,0 _F2e0 CellD e e e e e s e e . -
k " 905 225. 32.8 72.0 0.1l12
o !

~

913 230, 32.8 72.90 C.129

i C 915 235. 32.8 73.0 0.1G3

LI §20 240, 32.7 73.5  G.133

iy 925 245. 32,7 3.5 0.139

3 C

3 sasoas NO DATA TAKEN ~mw- DATL DISCAPDEL ? QUESTIONABLE DATA
]“{‘ -
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Fon

yrads sy

2aWL

Pt IY

i T

J s

Py

sy

FrmeaTE

[Ty

gt

ﬁﬁvﬁg

St Y

et

AT

' . 4
L}
AGC-219~-5 SN2 803 RH i - )
GLASS CHAMBER -
1976 AUG 17
ADD 710 MIN TO ELAPSSD TINE
CLCCK  ELAPSED TSI REL HU¥  SO2 . s i ] ; .
TIME TIME(MIND (DEG C} (%) (PPN)
930 250. 32,8 74.0  0.103 - ’ o
935 255. 32,7  T4.0 0.104
e S40. . 260. .  _32.T .. T4.0 . 0.104 } . R . . . o
945 265. 32.8 7 74.0 0.106 :
953 270. 32.7  73.5 0,108
955 | 275. _32.8 _ . T3.0. . 0.105 . . . e - . .
1000 280. 32.7 7 '73.0 0.106
o .. ®wkews NO DATA TAKEN _ _ ‘=<o- GATA DISCARQED __.._ 7 OUSSTIGNABLE DATA . .. ... . e -
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Vet
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F anad

finsma T

R

P,

R s .

[SEEYSPIRRNRIPIFE S I 1154

PP S e

eteana

AGC~220-1 S02-03 PROFENE
GLASS CHAMBER

1976 AUG

DARK

19

$02 AND F(-12 INJECTED AT 1115

QIONE ADDED AT 1149,

PRCPENE AT 1155

BRADY 1296, CALIBRATION 18786 JULY 16

CLCCK
TImE

1200

1205
1211

1216
1221

1226

1230.

1235
1240
1245
125¢
1255
1300
13C5
1310
1315
£320
1325
1331
1336

1346
1350
1355
1400
. 1405
. 1alg
1415
1420
1425
1420
1435
- 1440
1445
1451
145¢
1561
1506
1510
1515
1520
1525
1520
1535
1540
1545

15590
1555
1600
1605

A3nl

ELAPSED
TIME{MINY

C.

5.
1t.
16.
21,
26,
1.
35,
40.
45,
50.
55,
60,
5.
70.
75.
5C.
85.
S1.
..

el

1cs.
110.

CLi5.

120.
125.

135.
140.
145,
150.-
155.
160.
L65.
171,
176,
181,
186,
156,
155,
200.
2C5.
212,
215,
22C.
22%.

236,
235.
24C,
245,

130,

JIONE
(PPY)

2,636
0,636
G.557
0.511
QasT4
Cotrdd
8,420
0.393
c.371
C.352
9.335
0.318
G.333
D.236 .
0.274
€.259
04249
0.239
G.233
c.222
0.213
0.235
€. 2990

0.135
G.178

01866
04141
0.159
0.151
0.147
C.142
7.13%
0.134
5.122
9.127
Ga122
c.122
C.129
0.115
g.1in

Ao ok
LA LT Y ¥
L R0 1]

Ve G

FpkoRa NO DATA TAaKiN

0.181

Dalls

1§51
{DEG C

32.7
32.8
3z2.8
32.8
32.7
32.7
32.8
3z.7

32.8

32.8
32.8
33.0
33.0
32.8
32.8
32.3
32.8
32.8
3245
32.8

32.8
32.8
.32.8
33.0
32.6
.32,
32.8
32.8
32.8
32.8
33,35
32.5
23,0
32.8
- 32.8
32.8
32.3
33.0
32.8
32.8

32.8

33.0
32.48
32.4
32.8

3228,

REL MM
yoooE)

41.0
41.0
41.90
41.0
41.0
41.0
41.0
41.0

41,0
41,0
40.5
40,5
40.5
40,5
4G.5
40,5

4045

40,0
40.0
40,0
40.0
3.5
36,5

. 36.5.

35,5
39.5
39,5
35.5
39,5
39,5
39.5
39.5
39.5
35,9
39,9
39.0
39,0
35,0
39.0
39,0
35.0
39.0
39.0

16.0
19.0
39.0
39.0

" Ta0.0°

41.9

L 40.0

. 0.239

..0.233

sa2
{PPN)

0.363
0.344
C.331
C.318
0.304
0.297
0.291
0.283

0.276,

0.271
0.266
Q. 206
C.260
0.258
0.254
c.250
C.245

0.249

0.247
04244

0.242
0.238

0.239

0.237
0.236

0.231
0.232
0,230
0.230
C.226

0.225 .

0.225
C.223
0.223
0.222
0.225
0,221
0.221
0.220
0.220
0.221
0.216
0.216
0.215

0.215
04215
0.213
0.211

PRCPENE

(PeM)

1.014
EER TR T
&Gk R

0.801
BR8]

tagseg

0.683
Kl kg
LT

04593
L Sl ]
e b ek

0.522
AN E 1
LA L
AR
EEE 2 1]
EE-2 W]

0.434

(IS
Bk Rk
Wkt
LI

phEREE

0.376
P EE 233

Py T
e
Bk doE
0.336
T
oAb gk

T LI A

Kk R
e e v e ok

2.311
Rk e g
Rk ok e

wewswzn

EE e
i ke A
0.289
Atk
T w gk
L2 2

LA 224 £
Ll L 3o

Q.274
ok e

--~~ DATA DISCARDED
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AGC-220-2 SD2-03 PROPENE

GLASS CHAMBER
1976 AUG 19

CLCCK  ELAPSED

s@2
{(PpH)

0.214
0.211
G.211
0.208
0.208
0.208
0.209
9.205
0,205
0.206
€.205

PRCPENE
{epr)

EER 31
EE LR
PR 110
kg Kk
0.254%
EEEL T
L1242
vk &
el Rk
ke k
0.245

———< 2DATA DISCARDED

OZRNE TS REL HUM
TIME TIME(MINY (PP)  (DEG €1 (%)
1611 251, 0.085 33.0 33.5
1616 256. C.090 . 32.8  33.5
1621 261, 0.085 33.0 38,5
1626 266,  0.C33 33.0 38.5
1630 270,  0.033  33.0  3&5
_1635 . 275.  0.03l 33.90 38,5
1640 280. 0,078  33.0  33.5
1645 285. 0.076  33.1 38.5
1650 . 290.  0.076 . 33.0  23.5
1655 265.  2.07T6 33.0 38.5
1700 300,  0.071 33.8  28.5
ansxus ND DATA TAKEN
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T
4
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P 6y,
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iy

ZiaiiAy,

oF:

2
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[

b

i
B l
I
‘.§

AGC=22Y1~1 SQR2-03

GLASS CHAMRER
1916 AuG 20

DARK

BRADY 1296, CALIBRATION 1976 JULY 16

OZONE WAS INJECTED AT 0933

CLOCK
TIMe

845
8§50
855
900
905
910
s15
920
925
930
915
940
946
951
556

1000
10C5
1010
1015
1020
L1025
1030
1035
1040

1045

1050
1055
1100
1106
1111
1116
1120
1125
1130
1135
1140
1145
1150
1155
12G0
1205
1210
12158
1220
1226
1231

1234
12490
1245
1250

SRkuwn NO O DATA TAKEY

ELAFSED
TIvE(vIN)

O.
5.
10.
15,
20.
25.
3Q.
35,
40.
45,
5C.
55.
61.
66
Tl.
15.
80.
85
SC.
55.
1co.
105.
110.
115,
120,
125.
130.
135.
141.
146.
151.
155.
. 160,
165.
17C.
175.
180,
136,
19¢C.
195.
2.00.
205,
210.
215,
221.
226.

231,
235.
240,
245,

®

QI0NE
(PPN}

e

MNPV ODOOO0O0OMNOO0D

« 8 & 8 5 8 0 e e« s s 0 &

-~
TN C M

CODOoOoOCCOoOOLUQLOVCLOOO

AR RV,
[+ ]
~N O r

0.567
0.562
C.556
0557
0.554
0.552
0.552
0.550
0.545
0.542
0.542
0.540
0.537
0.537
0.532
0.532
0.530
C.520
0.52¢8
0.528
0.523
0.520
0e522
2.515
c.518g
0.513
2.511

33 E1

0.508
0.508

CaSN3

0.531
D501
Doty

TS
{DEG C

3

32.7
33.0
33.0
33.1
33.0
33.0
33.1
33.0
33,1
33.0
3244
33.0
13,9
33.0
33.p
33.0
33,0
33.0
23.0
33.0
33.1
33.0
33.0
33.0
33.0
33.1
33.1
33.1
33,0
13,1
33.0
33.1
33.1
23.1
33.0
33.0
33.0
33.0
33.0
33.0
33.1
33.0
33.0
33.1
33,0
33,1

33.0
33.0
33,0
33.0

REL HUM

) i3

44.0
43.5
43.5
43.5
43.5
43.5
43.0
43,0
43.0
43.0
42.5
42.5
42.5
42.5
42.5
42.5
42.5
42.5

42.0,

42.0
42.0
42.0
42.¢C
42.0
42.0
42.0
41.5
41.5
4l.5

41,5

41e5
41.5
41.5
4l.0
41,0
41.0

41,9

41.0
41.0

41.0

40,5
4245
40.5
40.5
43.5
4.5

=== DATA DISCAREED

COoOOOUNDANOOONO

st 2
(ppw)

IR
(RN RV RN WRW RV W R R IRIN
LS N LAl T BN BE IR R I S A
~NEGCOCO OO yO O

Q
)

<
Evl
v
w

0.352
0.352
04345
C.349
C.3497
0.347

0.344
G.348"7

0.342
04343

" 0.342
0.340

0,340
C.340
0.336
0.335
0.333
0.235
0.333
0.232
G.331
0.330
0.225
0.3268
c.322
C.321
0.324
0.321
0.313
C.3220
0.319

‘0.31¢

" o.31s

0.318
0.315
0.214
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B A V)

AGC-221-2 S02-03
GLASS CHAMBER
1976 AUG 20
—ELOCK SLAPSED  OZONE TSI REL HWUM___ S02 e 1 e N
TIME  TIME(MIND (PPu) "(BECTI ™ (%) (PPM}
IR £ - I 1T PO o N-1- CY- IS R 0§ & D
1300 255,  0.493 33 40.C  p,.313
e 2305 260.  0.493 33.0 40.9 . .0.309 e e e e et e e o e e 21t
1310 26507 Q04491 33,3 39,5 0.308
1315 270, 0.491 33,2 39.5 C.308
e d320 275, 0.489 33,1 26,5 C.3lO . - e oo -
1325 280 0.489 33,1 39,0 0.309 .
1330 285.  0.484 33.2 39.¢  0.307
1335 . 290. [ 0.484 33,2  39.C 0,308 - o e e e e
1340 295, 70V481 3303 39.C 0,304
1346 301. 0.481 33.2 38.5  0.303
e 335) 0 3C6. | 0.479. 33,2 39.C 04304 . o e e e, -
1358 311. 0.479 33,1 39,0 0.303
14C0 315.  0.476 33.1 39,0 0.302
1405 . 320.  €.475 33,1  39.0 99.... e e e 1 R
1410 325. 0.474 3301 39,0 ‘
1415 330. 0.474 33,1 33,5  0.268
e 3420 335,  0.471  33.1 38,5  ©0.296 _ — - -
1425 340, 778469 33.% 33.5 7 0.294
1430 345. 0.4567 33.2 38,5  0.296
#xkdex NG DATA TAKEN —~—"DATA DISCARDED ? QUESTIONASLE DATA
L4
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FE=re =Ty

et
e v

Ny iy

Ferav C

. Rl

| SPISONAX  Moare Busners Fae, Inc. f

ArR Ca

PRttt Pﬂm

P

i

=

.

R Ty

Y

=

T Ay

r

[P PV P VS PRPE SIS LR PR D

. A5C=222~1 $U2-NIX-SURR~U
3 GLASS CHAM3ER
1976 AUG 24

DARK

CC FACTOR 1.9/1.22: BRADY 1295
‘2.1 ML NOX INJECTED AT 0920 WIURS
AT T=0: NCN-NETHANE HC.= 17435 PPSC3 NSTHANE = 3200 PPB

_ELOCK ELAPSED  Q/ONE €2 TSl REL HUM

: .8 ceeomm 194 REL HUM_ST2
s TIFE  TIME(MIND (PPN) (PPY) {025 C) {2 {PrM)

TTeesTT TR

5.53 33,2 45.5  0.349

0.0
¢ 950 5. 0.0 5.67 33,1 46.5 0.343
955 10.  0.002 5,65 33.1 45.5 0,344 -
1000 5.7 0.0 5,51 33.0 45,5 0.34%
i 1005 20.  G.0 5.60 13,0 46.5  0.340
1010 25s EEEKWR  EXEELE  EEIEEE REKARTE  EEEIER
TTTTI61s T T 300 o0 5. 53 33,0 46.5 0,338
1020 35. 0.0 5,864 33.0 46.5 0.338
1925 40. 0.0 5.53 33,0 46.5 0,337
1039 45, 0.0 5.56 33,9 46,5  0.333
1035 50. 0.0 5.56 23,0 46,5 " 0,335 .
1040 85, Q.0 5.56 33,0 _46.0_ 0.332 e
1045 60.7 6.6 8.51 33.0 46,0 0,332
1050 65. 0.2 .. 5,52 33.0 46,0 0.333
1055 70 0.0 5,48 33.90 46.0 0,329
1100 75.  C.0 5.48 33.0 45.5  0.32%
1105 80. 0.0 5.48 33.0 45.5  0.327
- M0 85, 0.0 _ 5.47 33.1_ 45.5  0.326
1115 0.7 0.0 5.50 33,1 5.5 70.326
1120 SS. 0.0 5.43 33,1 45,5 0,325
1128 1C0. 0.0 5.45 33,1 45,5 0.324
1i3c 105,77 0.0027  5.%2 33,0 45.0 0.322 ‘ }
1135 110. 0.0 5.40 33.0 45.0 0.319 . ..
1140 115. 0.002 5.42 33.0 45.0 0,320
1145 120, 0.002 §.38 33.0 45,0 0.319
1150 125. 0.0 5.40 33.0°  45.0 - 0.318
1158 13ls 0.0 5.41 33.0 45.0 _0.318
. 1200 135,  0.C 5.32 33,0 45.¢  0.314
1205 140.  0.010 $.39 33.0 45,0  G.311, ‘
L2210 145. 0,0 5.35  33.0 45.0 0,314 - -
1215 159.770.0 5e3% 3708 45,6  0.313
1220 155. 0.0 5.33 33,0 44.5 0.310
_1225 ____160. _ 0.0 5,34 33,0 445 9,313
1238 165. © 0.0 5.26 33.0 44,5 0.313 R
1235 170. 0.0 5.31 33.0 44.5  0.310
1263 175, 0.0, ____5.32__ 33.2 44,C  0.3¢8 . e e e
1245 180. 0.0 5.26 33,1 44,070,303
{ 1259 185. 0.0 5.23 33,2 4%.C  0.307
e 1235 190, 0.0 5429 33.2 43.5 __0.304 —— ——
1300 195,77 0.0 5,29 32 43,57 0.3C5
1305 200. 0.0 5.26 13,2 43,5 0.334
- . 1310 205, 0.0 5.24  23.2 _ 43.5  0.306 e o e
1315 210. " "0.002 5.24 23,32 43,570,302
i 1320 215, 0.0 5.23 33,2 43.5 0,306
13250 2200 Q.0 S.18_ 33,2 43.C_ 0.320 — e R
1330 225. 0.0 5.19° 22,2 43,6 0.33D

5.19 33,2 43.0

1335 BT

0.0 0.340
m 1341 236,  0.002 5. 14 33.1 41,0 3.2%7
1345 240. 0.9 5.15.  33.1 43.0  J.z97 - . i
1350 245. 2.0 5,13 35.2 43.C 0.2%5
svssre NO GLTA TAKEN ~—== DBATA DISCAPDED ? JUSSTIGNAALE DATA
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AGC=222-2 S02-NJIX-SURR=-U
O GLASS CHAMBER
_ 1976 AUG 24 e - N - R
__CLOCK_ ELAPSEC _ DIONE €0 . _ TS} REL HuM __ 332
TINE “TINZ{WKIN) (PPM)  (PPM) 1DEG C) (%) (poM)
(
TTTAESE T 7250, 0.0 5.13 12 43.C  0.29%
¢ 1400 255. 0.0 5.12 33.2 43.¢  0.29%
____1405__ 250. 0.0 5.12 33,2 43.C 0,293
1410 265. 0.0 5.12 33.0 %3.2  0.251
¢ 1415 270, 0.0 5.05 33.9 43.0 0.251
_.__ta20 275. __ €0 5,07 _ 32.5 - 43.0 _ 0.291 _— -
1425 280, 0.9 5.03 12.8 43.C  0.251
[d 1430 285, 0.0 5.78 32,8 42,5 0.251
1435 290. 0.0 5.04 32.8 42.5 - 0.261
1440 295, 0.0 5. 04 33.9 42,5  0.289
C 1445 300. €.0 5.02 33,0 42.5 0.283
- 1450 305. 0.0 5.02 33.0 42,5 _ 9.288
b 1455 310. 0.0 4.97 33,0 42.0 0,283
iC 1500 315. 0.0 4,99 33,0  42.C 0,285
2 1595 320. 0.0 4,96 33.0  42.C 0,285
i 1513 325. 0.0 5.00 33.0 43,0  0.285
it 1515 330. 0.0 5.01 33.0 42,0 0.285
j __._.1s20 335,  0.002 4.93 33.0 41,5 _ 0.282 .
1526 341. 0.0 4.96 3301 41.5 " 0.281
1€ 1530 345, 0.0 4.93 33.4 41.5 0.280 N
; 1535 350, 0.0 4,92 33.2 41.5 0,280
1540 355, 0,002 %.91 33.1 %41.5 0.218 .
C 1545 360. 0.C02 4,92 33.0 41.5 0.280
1550 365.  G.0 4.93 32.8 41.5 04276
1555 370, 0.¢ 4.89 32.8 %41.5 0.276
C 1600 375. 0.0 4.89 32.8 41.5 0,275
. 1605 380. 0.0 488 33,0 41.5 0,271
1610 - 385. - 0.002 %.90 32.8 41.C . 0.274
€ 1615 390. 0.002 4.83 33,0 41,0 0.272
. lezo _395. 0.0 4y 87 33.0 41,0 0,271
) 1625 480, ¢.0 %.81 33,8 4.0 0.276
C 1630 405. 0.002 4,81 33.0 41.0 0.272 ‘
1635 410.  0.002 4,87 33,0 41.6 0,279
1640 215,77 0.0 4.80 33.6 40,57 0.275
€ 1645 420. £.002 4.85 33.0 4C.5  0.269
__ 1650 425,  0.002 4.8l _ 33,0 485 0.270 e s e
1655 430.7 70.0 4.33 13,90 48,5 0,266
C 1700 435.- 0.0 4,84 33.0 4C.5 0.265
1705 ____ 44D. 0.0 4,82 33,0 40.5 0.266
] i711 446, 0.0 4. 82 33,1 40.5 0.266
€ 1715 450. 0.0 4.77 13,2 40.C 0.284
1720 . 455. 0.0 474 33,2 | 42.C 0,264 e e e e et e e e e
] 1725 460. 770.0 4,79 33,2 0.0 0.265
v 1730 465. 0.0 4.79 33.2 40.C 0.265
1735 470, 0.0 4,80 33.1  40.0  0.2€4 e
» 1740 475, 7°7C.0 4. 15 33.2 40,8 0.265
B - e et e et e e e e e o e e o e e e
1745 480. 0.0 4,80 33,2 40.C  0.265
r 1750 485. 0.C 4.77 33,2 40.C 0.2¢l .
. bT55 480, 0.0 4aT2 33,2 _&C.C_ 0.2KD e o e e
isco 455, 0.0 412 33,1 40,07 0,269
_ ewkwer ND DATA TAKEW ee=- DATA OISCAPSED 7 GUESTINNABLE CATA -
r
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AGC-222-3 SG2-NOX~SURR-U .
O GLASS CHAMBER
- 1976 auG 24 - e e O -
; . .
——L\OCK_ ELAPSEC _ 020NE o ISl REL HuM : §02
( TIKE TIME(MIN) (PPM)  (PPHM) (DEG )y (PPN) .
I X: 1 B YT, Sy &.T2 331 39,5 J.26¢l -
( 1830 595. 0.0 4.72 33,2 39.5  0.256
— 1815 3510, 0.0 .70 33.9 39.5 0,259
1820 515. 0.G 4.69 34,1 39.5  0.256
C 1825 520. 0.0 4.69 34,1 35.5 04256
——__1830 525, 0,0 4468 34,1 39.5___0.255
1835 530. 0.0 4,67 34.1 39.5  0.254
C 1840 535,  0.¢ 4,66 . 34,2 35.5  0.25% N
. 1845 540. 0.0 4469 34.2 35.5  0.25%
i8so 545, 0.0 4,57 34,2 36,5  3.253
C 1856 551. 0.0 4.66 34%.3 33.5  Q.255
- __ _1%00 555. 0.0 4256 34,1 39.5 _ _0.254
§ 1905 550, 0.0 4,70 34,1 39.5  0.254
;C 1910 565, 0.0 4.65 3401 3%.5  0.252
- 1915 570. 0.0 4.51 . 35,1 39.5 0,252
i 1920 515. 0.0 4.64 34.1 33,5 0.249
3C 1925 580. 0.0 4.58 34.1 39.0 . 0.249
i _ 1930 585, 0.0 4.58 34.1 39.0___0.247
* 1935 550. 0.0 4465 4.l 39.5  0.249
3( 19490 595, " 0.0 4.60 33.9 39.0 0.245
8 1945 600. 0.0 4,58 33.9 35.0 0.245
H 1950 6C5. 0.0 %.58 34.1 39,0  Q.247
C 1955 81C. 0.0 4.561 33,8 39.0  0.244
: 2000 615, 0.0 4.60 33,8 39.0 _ 0.245
‘ 2005 620,77 0.0 4.5% 3309 35.C T 0.244
C 2010 625, 0.0 4.54 33,9 39.0  0.245
2015 630, 0.002 4.59 23,9 39.C_ 0.243
2020 635, 0.0 4.56 33,9 36.¢  0.245
C 2025 640, 0.002 4,53 33.9 39,0  0.2641
: 2030 645. 0.0 4.55 0,241
2035 656, 0.0 4.55 0.233
C 2041 656,  0.002 4.59 33.9 39.0  0.239
‘ 2045 . 660. _0.002 4,59 _ 33.8 38.5 _0.238
20590 665. . 0.002 4.52 33,8 38.5 ° 0.237
C 2055 670. 0.0 4.51. 33.9 35.5  Q.237
: 2100 _ 675. _ 0.0 ]
2105 680. " 9.0
C 2110 685. 0.0
2L15 450,  c.0
2120 695, 0.0
( 2125 706. 6.0
- 2130 F05. 0:0. . 4.49___33.5__ 33.5_ 0.2, ——— e e
4 $sEx4s NO DATA TAKEN ==-=—~ DATA DISCAROED ? QUESTIONASLE DATA
{
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v

[
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prmea iy pimEaa [ZETETR

FosE iy

ACT =5y

F s

SR

ARie Sl e e e e Pt

AT

SEESE)

Prs

e B S TR

7]

CAGL-20 -5
GLASS CHAM
A9 AUG 2

ACD 71C MIN IO

CLOCK _ELAPSED

TIME TIME{MINY

145777 a5

150 2545,
156
200

205
210
2158
220
225

ENP

TI=NIXA SRR =

$C
QER

ELAPSED TIME

_CISNE . CC.
} {PEM)

DO C O

“ 6 e v

pie s s

Ttepiy

|
!

535 480,

40 Srea
565 EGd
553 455,

ST TINNG

vle o & it s

: . .
I D13 Y D3 O 5 €2 O € raied O OUG O YD QO Q3 03 0,00 €2 0103 22 42 O O CF

DO
« 8 o»0d

4452

«C 3.93
.2 3.%3
N

.0 401
5 4.0
o ;

. .
akaka

1
i

GOLDO0C00 00
.

WHTA TAREN -

151 REL By Mz
e

iceu ) (%!

3R
.0
320w

2244

2443

3de3

22,3

32,3 Lont

EE .202

12.3 : FRcivE

At.s 2 « 207

ET 2,200

2.9 E L2072
H 5 C x

o

35
3-
23
21.1 3%.5
31.1 3.0
_3l.1. 3i.s
2.z 35.48
3C.3 3545
LTS
3ied
L1
ERT]
37.5

3C. 8 35.4 [
A0. 4 AT DRRE
3t ;

3047

- DATA LISLaniig Poan LTI wARLE CATA
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_ AGC-222-6 SC2-NOK-SURR-U
4 ] GLASS ChAsBER
i 1976 AUG 25
{ ADD TLDO MIN TO ELAPSER TIME
3
&
CLOCK  ELAPSED  nZ7TNE TSL A0l mue o g2
TIME  TIMELMIND (PoM) {086 C) 15} (rre)
.
T 555 500. .53 30.7
; { 600 505, 393 33,7
-8 603 510. 5.9 30,17
ke N 610 515, 3,98 5.7
i 615 520. 3.98 30,7
4 ez 525. 87 36,7 _
& 825 53¢, §; 30.7
B 515, 3,89 30.7
b 3,53 32.7 .
5 3,92 30.7
i 3.91 6.5
3 3,33 3G.5 o J—
. *‘? TR T T 3oL
b 3.8 3¢.3
3 e JFe8L | 20.7 e e e < s+ e
i ¢ PR ELTE
é O 385 3045
& ) B.sTTT 3008 T
] c 3. 85 30,5
g 0403 3.82 30.5 e
3 CEVREE TS AT R0 ST
P 9.2 32,31 300
C.0 1,81 33,4 ~ .
TTOVO0ZTTTTA 8T T 3.2
K 340 3.81 31.3
s S.002 . 3.84 0 3l.5
4 J.0 3,83 3i.8
i Sel 2.85 3240
q .0 3.82 3240 ~
i 0.9 1 32.3
4 0.0 3,86 32,3
s o 2.3
i e P
; 5] 32.0
s 3 -
t ¢
i ¢
i o
y _ wawss M) DATA Tis EY Cmeme UATA DIGIAC EG FooLISTIVGAGLE LiTh
k ,
.
5
K v
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AGC=-222-T SOI2-NOX-SURR-y)
GLASS {-AMBER
19T AU 25

ADD 710 MIN TO ELAPSED TIME

CLOCK  FLAPIED GITns (W]
TIME  TIMECCINY  (PPM) (e

915 B W 0.0 1, 79

320 7o5. 0.002 3.77
w925 0 Tix 0.0 3,79
533 715, 2.0 3075

335 7:3.  £.9 .77

} 94D 725. 0.n KO A ¢
845 132, €.0 3479

950 733, S 3.73
....555 BRERE J. 2,78
1000 745, 2.0 B.78
1005 75C. 0.0 3,75

1010 S ?35. 0 0.0 3.7
1015 1230 0.0 3,72
1520 Te5. 0.0 3.73

1025 7%3. | 0.0 285
10307 i s, e 0T T R e
1035 786G, 6.G02 3,75
1041 755,

1045 T 7.
1050

e 1835

151

(DEG C)

RTL

HuM 832

(a) (Fpx)

T T
34

—~-—-= DATA DISCARDED
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.0 GoléS

0.1€6%

0,182

[ T

T
Caloh .

Q.l62
Qalds

0.162

O.162

L0a161,

0.129

0.1l

0159

0.153%

J.153

C9alel

Calbs

U.1458

L2-L2e

? QUISTIDNABLE DATA
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SMEDPAL  Moars Buyisery Farm, Ing )
_~

-~

D TO71405," 1503 TC 1505, 1635 YO 16104 AND "1&55° Y0 17CY ~ °

T AGL S 202 TR AN SR L g T T T T T T T - - T
GLASS CHANZER
1976 WG 25 : )
GRS ON 1100 TINTEN S Ty Ly o o T o e o T T T N S i mn 2 e e s

€0 FACTOR 1.9/1.22; BRACY 1268
TECO 14D %3S ON THE CNAMBER FROM 1135 T3 1111, 1200 TC 1205, 1333 T3 1335, 14t

TECO 14D SAvPLING ATE: 1128 ML/MIN
PAN NOT MEASURED; NQ2 AND NTX VALUES NIT CQRRECTED

TTAT T=15 MIN: NON=MITHANE HLC ="11307PP3CT MEIVHANE "¢ 2903 "PR@ "7  ~ 7777 T TS s e s e o e

-
TTUNDZ-PAN LR3AGH Ly

CLCCK ELAPSED QICNE NI - NI2-PALN NDL=PAN c2 751 QEL HuM §a2
IR E T T INREOMINT T T ORRNY T RN T TR TR RS TUTOES Y TNy T TR s M) ’ T
TI00 T 3.0 EEATTET ETTENN TTRETTES 30T 1T EXP5 R P 3% .
1105 S, Q0,027 <tatxxx  SEEART  HEeRaw 3. 7% 33.3 3249 0.154
1110 10. J.054 C.330 €.500 C.53C 3. 74 34,1 31.5 0.15)
TITS 5. VYT TR E TR RN TRV WEY 3,715 343 32.0 g.129%
1122 20, Da095 AeEamEs  SUsRsE  wEwAEE 3.73 34,3 32.5 0.149
1125 25. QL1120 xbexia  SLtersr  si¥ely 3,73 34.1 32.3, J.148
I137 30T UL [T REEE R TR E T FER TR I3 ETYRY N5 0185
1135 35,  0.132 vEdren HeEFEE e2wasy 3. 76 34,1 32.5 0.145
1140 40¢ 0,142 ®EELEK FRUIE  FERRuR 3.73 34,1 32.5 0.147
IS LS T T UL TS TR R YR TR IENE TR ETER S 303 A 3200 TUL1RZ
L1150 '5C, Qolhd HEITRE  Fhawak  BIRYER .73 34.3 32.0 0a143
1155 554 D.176 sErses  vasEER uEEas 3.73 33.4 31.5 0.143
12G0 60 T TITT FERRFE FFEATES T A VTR kP 4 3305 315 29 €23
1205 65, 0.138 0.221 C.443 04458 371 33.3 31.5 0.140
1210 70. 0,198 o*oeexy R3ftsEt  TEFER 3.73 33.5 3.0 0.140
TZ15 15 UL 208 RE#sHE  BFIETT  FETIIE 3.9 35T 3.0 0.I38
1220 80. 0,217 wodddd Sawhdd  RxRTEE 3. 72 33.7 31.0 0.138
1226 86, 04225  *x3&d%  HaITEZ  HI0VEA 3.7L 33.8 32.5° Q.138
1230~ go% CeZZ2T *TFEFF  FEFFS¥ ST TEF 3e 71 35.¢ IT.5 C. 137
1235 95, Ce234 *eeTEI  dakERz  £CEkEdR 3.73 33,9 33.5 0.1338
1240 ° 100, 0,204 *EEEXT  AEskxx  kohvkxr 3,74 33.8 39.5 0.136
I2%5 T0S. U254  S3FEvd  ¥ulds¥ ¥FEYsE - I068 355 335 J.136
1250 110. 04256 ¥tktat ReexaE  GndiEk 3. 70 33.¢ 3C.0 0.137
1255 115. 0,259 whkerr wETbow b ked 3. 69 33.5 30.0 J.136
300 120U T IEeG TTREITET  GERRER KRG 3. 71 35T 30.07 0.137
1305 125. 0.283 0.020 . G.37¢C £.390 3.62 34.1 29.5 0.134
1310 130, 0,283 Aotk&d  saswkd  FEEERG 3.63 34,3 29,5 C.133
315 1357 0.298  ¥¥F#was #vwess  wacena 3,564 35,2 29.5 0.133°
1320 . 1640, D.303 “x2isk  $xerdT  tEREKy 3,67 34%.3 29.5 0.1}
1325 145. 0.313 ®tksdx  &cders  Ewapex 3. 70 35,32 29.5 0.132
I33077  77I50, T 0 3o FFEEEW  AeeRen wesedd 3765 3303 2970 0.129 -
1335 155,  0.325 #wzadr  xkeess wsdoes 3. 87 34.5 29.0 0.129
1340 - 1650e 04232 #kasdk  m¥nwsw  kroskx 3.72 35.& 29.0 0.129
1335 155. PEETAEE STIE TN T T 2 TS T 3,89 35.6 25,0 0.129
"'1350 17C. 04244 HEAsxw  KIEBER KoRkDTE 3. 60 35.6 23.5° Q.129
1355 175, 04352 *Ee¥sd  XxITEC AEuRES 3.6% 35.7 23.5 0.129
BN X1+ [+ R -1 o DA P 15 B LR 2 e P11 S 2 X T3 3. 65 35.7 2E.5 0.12%
1405 185, . 362 0.225 C.31C 0.335 3.67 35.7 . 28,5 0.127
1411 191, 0.371 wvwwks  gdumEs  KInIIL 3. 54 35.7 28.92 0.125
1415 X85, TUJITE AFEEEE T ANREEN S EHEEE 3.6% 3507 23.5 0.125
1420 2C0. 0,383 *xesst  tkemss miotdk "3.64 35.7 23.2 . Q.123
142% 2¢5. 04391 *koano  wyddwg  xTekAA 3. 61 35.8 25.0 0.125
1430 “Zios [P AL T T T T Y 3053 EY-PY) 25.3 T0.125
1435 215. 04431 #¥xxas  sasxds  EREEyX 3.62 36.G 28.9 0.122
1440 220, Del0 *xcwex  wxsnid  Fuxasy 3.62 34.9 23.3  Q.122 .
1545 2257 O AT T URAEeE TAVENAE weTeRe 3,62 35.¢C 28,0 o.122 o
1453 2307 G.42Y wkvuen  AsEEde  Acaans 3,53 35,9 75T 00125 -
1455 235, G.425 wmamer  AAWEKE  ReHETE .60 35.0 27.5 c.121
1500 21.0. 0.427 REABG LR Y 32 [AZS] Y 3_(,3 35.1 27.', 0.170
B 1 - I T P DO £t DavE & By DOVTY Sy« 1 1> R T ST S Sl ¥ S Sl S I B S
e BESEEE ND UATA TaxEn _mmon DATA DISCAMOID 7 GLESTIONABLE DATA

JIINE  CDiacCe -
QL0NE  COLaGE

T .10 = wladd PUY-MIA
P 0.IE = 46,12 Buveuly ‘
T+ SR AR Sy Vi I\ S RSP U e e e
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) SURRQGATE RUN 223-b
! . GLASS CHAMSER i
1976 0OCT 5

LIGHTS ON 1215, INTENSITY = 1003 OF MAXIMUM
39 GC SAMPLES TAKEN: L0 FACTIR 1.9/1.013 PAN CALIBR 93 BRADY 1296
1215 PAN SAMPLE WAS TAKEN AT 1221

' AT T=0; TOTAL NON-METHANE HC= 2346 PP3C: METHANE= 2950 PPa3

{
... CLOCK ELAPSED  OIONT %3 NO2-PAN NOX—PAN  C& PAN _ HCHOD . TS1  REL HuM
TIME  TIMELMINY (PP} (P2M) (9PN} [PPM)  {PPM)  (PPM) (PPM) (DEG C} (%)
( Co .
T i215T T ey Ble UUTT0.150 0143 . CL.287 5.5% 7 0.6C1 To.ta0 | 34.1 7 6l.0
( 1230 15. 0.020 0.354 Q.181 212 5,75 REekkE wReeEE 33.1 63.0
- 1245 30, 04044 | 0,055 | L.200  -0.251 . . 5.75 . 0.Q06  ®aeses 33,8 63,0 _
1300 45, 0,071  0.238  0.208 0.237 5,72 Epvse  pensxx 33.6 62.5
C 1315 60. - 04093 0,228  €.290 Q.224 5,72 0.O11 0.0563 33.5 62.0
L. 1330 TS, wweesx 0,023 0,194 0.214 | 5,70 _#nrEsk  wwkeks 33,6 6l.5
1345 90.  0.139 0.220 0.18%5 0.205 5.63  0.5l4  twueas 33.7 61.0
C . 1400 105, 9.159  0.317  0.181  0.194 5,61 #remtr  peksns 33.8 €0.5
.. Yels 120, 0 G181 0,015 2,173 0.185  S.5T.__0.018_ 0,095 .. 34.0 . 59.5. . . __ ...
1430 135,77 7CL20%T0.02477 50157 04118 5,56 samsam tresws 34,1 59.0°
C 1445 - 150,  0.222  0.312 Q.16  C.165 5,52 0.021 #usfrs 3400 58.5
- e X300 165. 0.242 0,311 0.153  0.160 5,51  w¥keres swervs | 34,2 53,5 e -
3 1515 180.  ©0.259  0.210  0.147 Q.15% 5.53  0.022 0.081 34.3 57.5 '
1C 1530 195, 042756  0.210 04142  0.145 Sekd  BREETE  EuEEE 34.5 57.5
1545 210, _ 0.298 0,210 _ 0.132 _ 0, 385 STeQ
H 1600 225.7770.313 0.307 7 9.125 " To.13 * 34.6 56.5
. iC 15615 240.  0.337  0.512  0.124  0.131 5.39 0,027  0.024 34,7 55.0
o 3 —— 1630 258, . 0.354  0.037 C.114 _ Q.116 5,43 Axexss skskds 348 56,0 o -
s, x- 1645 27077 70.37% 70,2067 7704105 T 0L108 §.427 T V03l TeREEaE 34.9 55.5
% e 1700 265. 0.393  0.335  0.099  0.101 S.38 Fusatt  wEkEwm 34.9 55.5
; H 1715 _.300.. 2.410  0.805  C.093  0.095  5.42  %*seuks 0,051 34,8 85.0
M 3 1736 315) 704427 T0.C05 0,088 0,389 I T T TP 34.9 55,0 .
g C 1745 330.  0.445 0.205 $.081 0.081 5035 seEwes  gesres  keaben 55.0
. 1800 345, 0.462  0.007  C.OT4 0.075 5,39  sEree:  sEwees  aewswr 54,5 e
?*' c 1815 "360. 0.479770.202 7 €.068 T0.069 5,37 1 0.035 eswrsi 34.7 55.0
§ .
a e e XERERE ND DATA YAKEN | ——— DATA DISCARDED | ? QUSSTIGNABLE DATA. . . . —
i .
i C OZONE £JSAGE GT 0.13 = 53.53 PPv-MIN
Qe DZONE DISAGE GT 0.03 = 44,66 PPY-vIN et e .
E NO2~PAN CJ3AGE GT 0425 = 2.0 pow=MIN
;
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APPENDIX C

ribmsatedi=r

Plots of 1n SO2 vs. time for

AGC Runs 216 through 222
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